Fractionated Reclaimed Asphalt Pavement (FRAP) as a Coarse Aggregate Replacement in a Ternary Blended Concrete Pavement by Brand, Alexander S. et al.
 
 
CIVIL ENGINEERING STUDIES 
Illinois Center for Transportation Series No. 12-008 
UILU-ENG-2012-2014 
ISSN: 0197-9191 
 
 
Fractionated Reclaimed Asphalt  
Pavement (FRAP) as a Coarse  
Aggregate Replacement in a Ternary  
Blended Concrete Pavement 
 
 
Prepared By 
Alexander S. Brand 
Jeffery R. Roesler 
Imad L. Al-Qadi 
Pengcheng Shangguan 
University of Illinois at Urbana-Champaign 
 
 
 
 
 
 
 
 
 
 
Illinois Center for Transportation 
Research Report ICT-12-008 
 
 
 
 
August 2012 
 
  
  
 
                 Technical Report Documentation Page 
1.    Report  No. 
ICT-12-008 
 
2.    Government  Accession  No. 3.    Recipient's  Catalog  No. 
4.   Title  and  Subtitle 
Fractionated Reclaimed Asphalt Pavement (FRAP) as 
a Coarse Aggregate Replacement in a Ternary Blended Concrete 
Pavement 
5.    Report Date 
August 2012 
 
6.    Performing  Organization  Code 
 8.    Performing  Organization  Report  No. 
7.    Author(s) 
Alexander S. Brand, Jeffery R. Roesler, Imad L. Al-Qadi, and Pengcheng 
Shangguan  
 
 
ICT-12-008 
UILU-ENG-2012-2014 
9.    Performing  Organization  Name  and  Address 10.    Work  Unit ( TRAIS) 
Illinois Center for Transportation 
Department of Civil and Environmental Engineering 
University of Illinois at Urbana-Champaign 
205 N. Mathews Ave, MC 250 
Urbana, IL 61801 
11.    Contractor  Grant  No. 
 
RR-10-9075 
Task #2 
12.    Sponsoring  Agency  Name   and  Address 
 
Illinois State Toll Highway Authority 
2700 Ogden Ave 
Downers Grove, IL 60515 
13.    Type  of  Report  and  Period  Covered 
 
 
 
14.    Sponsoring  Agency  Code 
15.    Supplementary  Notes 
 
16.    Abstract 
The use of fractionated reclaimed asphalt pavement (FRAP) was investigated as a partial replacement (0%, 
20%, 35%, and 50%) of virgin coarse aggregate in a ternary blend concrete containing cement, slag, and fly 
ash. The results demonstrated that up to 50% FRAP may be feasible in a concrete to meet the Illinois 
Department of Transportation strength requirements of 3500 psi compressive and 650 psi flexural strength at 14 
days. The results showed that as the percentage of FRAP in concrete increases, the slump increases, the unit 
weight decreases, and the air content remains relatively unaffected. The compressive, split tensile, and flexural 
strength all decrease as the percentage of FRAP increases. Likewise, the elastic and dynamic moduli decrease 
with increasing FRAP content. The free shrinkage appears somewhat unaffected by FRAP content, although the 
restrained ring shrinkage strains were reduced for concrete with FRAP. The rapid chloride penetration test 
showed that the presence of FRAP did not alter the permeability rating of very low to low. A test of freeze/thaw 
durability indicated that adding FRAP to concrete may reduce the durability, although all specimens still retained 
a sufficiently valued durability factor after 300 freeze/thaw cycles. The results from fracture testing indicated that 
adding FRAP to concrete may decrease the fracture toughness, although the initial and total fracture energies 
were not statistically affected. A test of alkali-silica reactivity revealed that the fine FRAP aggregate is not 
reactive. Tests with a secondary FRAP source revealed that it may not be necessary to process the FRAP to 
remove the fine particles. Based on the test results, it is recommended that 50% coarse FRAP may be suitable 
to meet the strength and durability requirements for paving applications.  
 
17.    Key  Words 
Reclaimed asphalt pavement, fractionated reclaimed 
asphalt pavement, RAP, FRAP, concrete, pavement, 
ternary blend concrete, fly ash, slag, sustainability 
 
18.    Distribution  Statement 
No restrictions.  This document is available to the public 
through the National Technical Information Service, 
Springfield, Virginia 22161. 
 
19.    Security  Classif. (of this report) 
Unclassified 
 
20.    Security  Classif. (of this page) 
Unclassified 
 
21.   No.  of  Pages 
124 
 
22.   Price 
Form DOT F 1700.7  (8-72)  Reproduction of completed page authorized 
i 
 
ACKNOWLEDGMENT 
 
This study was funded by the Illinois State Toll Highway Authority under the project 
Task 2: Concrete with Ternary Blended Cement & Fractionated, Washed Reclaimed Asphalt 
Pavement (RAP). Additional acknowledgement is given to CTL Group for conducting the 
freeze/thaw testing and hardened air void analyses, and to S.T.A.T.E. Testing for providing 
independent test results of concrete containing FRAP. This work could not have been 
completed without the help of the undergraduate assistants Ryan Smith and Roman 
Vovchak. 
 
 
DISCLAIMER 
 
The contents of this report reflect the view of the author(s), who is (are) responsible 
for the facts and the accuracy of the data presented herein. The contents do not necessarily 
reflect the official views or policies of the Illinois Center for Transportation or the Illinois State 
Toll Highway Authority. This report does not constitute a standard, specification, or 
regulation. 
 
 
 
  
ii 
 
EXECUTIVE SUMMARY 
 
Due to increasing quantities of fractionated reclaimed asphalt pavement (FRAP) 
generated from rehabilitation projects, the Illinois State Toll Highway Authority (Tollway) 
initiated a study to determine the application of the coarse fraction of FRAP in concrete. The 
concrete mix proportions contained 0%, 20%, 35%, and 50% FRAP replacement levels by 
weight of the coarse aggregate. Two other by-product materials, ground granulated blast 
furnace slag and fly ash, were utilized as partial replacements for cement. A cementitious 
content of 630 lb/yd3 was used, which consisted of 65% Type I Portland cement, 25% Grade 
100 slag, and 10% Class C fly ash. Past research efforts have primarily studied the effects 
of RAP on the hardened properties in concrete, but there have been limited studies on the 
comprehensive effect on the fresh, hardened, and durability properties of a single source of 
FRAP in concrete at various replacement levels.  
In this study, as the FRAP content increased, it was found that the workability 
increased (even with lower water-reducing admixture dosages), the unit weight decreased, 
and the air content remained relatively unaffected, although somewhat more variable. A 
hardened air void analysis revealed acceptable parameters for freeze/thaw durability, but 
the hardened air content was found to be higher than measured volumetric fresh concrete 
air content. The concrete was workable for good pavement constructability at all levels of 
FRAP replacement tested.  
The compressive, split tensile, and flexural strengths all decreased with increasing 
coarse FRAP contents. The compressive strength decreased up to 39% with a FRAP 
content of 50%. Similarly, with 50% FRAP, the split tensile strength decreased as much as 
52% and the flexural strength decreased approximately 33%. At 35% FRAP replacement, 
the Illinois Department of Transportation (IDOT) compressive strength requirement of 3500 
psi at 14 days could still be met, while at 50% FRAP, the FRAP concrete mixture was 0.3% 
below this strength requirement. Based on the third-point (four-point) flexural strength 
results, it is expected that up to 50% FRAP would meet the IDOT center-point (three-point) 
flexural strength requirement of 650 psi at 14 days.  
Similar to the strength properties, both the static and dynamic elastic moduli 
decreased with increasing FRAP content. The elastic modulus was reduced by 30% at 50% 
FRAP while the dynamic modulus decreased by 46% (at 4C) with 50% FRAP replacement. 
At 21C, the dynamic modulus was about 15% higher than the static elastic modulus for the 
control (0% FRAP) concrete, but at 50% FRAP, the static elastic modulus was 11% higher 
than the dynamic modulus. From the dynamic modulus tests, the phase angle only 
increased approximately 1 with the addition of 50% coarse FRAP to concrete. Changes in 
temperature and frequency did not significantly affect the concrete dynamic modulus at all 
testing ages and FRAP contents.   
The concrete fracture properties with single-edge notched beam specimens revealed 
that the critical stress intensity factor was generally reduced with the addition of FRAP. 
Despite the reduction in tensile strength and peak load at specimen failure with increasing 
quantities of FRAP replacement, both the total fracture energy and initial fracture energy 
were relatively unchanged and were not statistically significant relative to the control mix. 
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This fracture behavior suggests the load capacity of concrete slabs with FRAP may not be 
reduced at the same rate as the concrete tensile strength reduction.  
In this study, the concrete free drying shrinkage was found to be unaffected by the 
coarse FRAP replacement levels and total cementitious content utilized. At the 0% and 50% 
FRAP contents, specimens under restrained ring shrinkage (AASHTO T334) did not crack 
after 90 days. The 50% FRAP ring experienced lower restrained shrinkage strains and 
higher stress relaxation at later ages relative to the control concrete, indicating potential 
positive tensile creep benefits of concrete containing FRAP.   
A rapid chloride penetration test was also conducted, and it was found for all mixes 
that the permeability rating was very low to low, although the mixes with FRAP were found 
to be statistically significant relative to the control mix. The freeze/thaw durability was found 
to be suitable, with all mixes having a durability factor greater than 85 after 300 freeze/thaw 
cycles, although higher FRAP contents did reduce the durability factor relative to the control. 
A test for alkali-silica reactivity (ASTM C1260) evaluated the virgin coarse aggregate, the 
virgin fine aggregate, the fine FRAP particles (passing the #4 sieve), and the FRAP coarse 
aggregate with the binder extracted. The test revealed that the virgin fine aggregate was 
mildly reactive while the other aggregates were negligibly reactive. According to the IDOT 
specifications, the addition of supplementary cementitious materials or the use of a low-
alkali cement would likely mitigate the expansion due to alkali-silica reaction in the fine 
aggregate. 
Another FRAP source was also evaluated to determine the effects of a “dirty” 
unwashed FRAP, which contained a higher amount of fine particles (passing the #4 sieve) 
compared to the washed “clean” FRAP used in the main part of the study. The dirty FRAP 
was either washed or dry sieved to remove the fine particles or unprocessed before 
concrete batching. The removal of the fine particles did not improve the compressive and 
split tensile strengths of the concrete relative to unprocessed dirty FRAP concrete, but all 
dirty FRAP mixes, processed and unprocessed, up to 50% coarse FRAP met the IDOT 
strength requirements at 14 days. Mixes tested independently by S.T.A.T.E. Testing 
confirmed that the IDOT strength requirements can be achieved by using dirty FRAP. This 
result demonstrates that costly processing and washing of the FRAP may not be necessary, 
based solely on the strength results, in order to obtain the desired concrete properties.  
Based on the results from this study, the replacement of virgin aggregate with 50% 
coarse FRAP in concrete will still produce acceptable paving concrete in terms of fresh, 
strength, durability, shrinkage, and fracture properties. Although the main mix design and 
FRAP source used for this study met the IDOT strength requirements at coarse FRAP 
contents up to 35%, a secondary “dirty” FRAP source, as well as mixes tested by an 
independent laboratory, were found to meet the IDOT strength requirements up to 50% 
FRAP. 
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CHAPTER 1 INTRODUCTION 
 
With the focus on sustainable and “green” pavements, the Illinois State Toll Highway 
Authority (the Tollway) has been examining various methods to improve pavement recycling 
efforts, with an ultimate goal of a 100% recycled construction site. Old asphalt pavements that 
are milled by the Tollway are reprocessed to produce fractionated reclaimed asphalt pavement 
(FRAP), a process through which a #4 sieve screen separates the coarse and fine aggregate 
into two distinct stockpiles. In addition, a 1/2- or 5/8-inch coarse screen removes larger-size 
agglomerations and aggregates that are then discarded. 
A recent study through the Illinois Center for Transportation demonstrated that coarse 
and fine FRAP can be successfully utilized as partial replacements in hot-mix asphalt (HMA) 
mixtures (Vavrik et al. 2008). In addition, the Tollway has recently been utilizing up to 35% 
replacement of virgin asphalt binder with fine FRAP particles (passing the #4 sieve) in 
combination with reclaimed asphalt shingles (RAS). The continual use of only the fine FRAP 
particles has resulted in large stockpiles of coarse FRAP (retained on the #4 sieve). 
 These large coarse FRAP stockpiles have to be used in order to reduce the potential for 
large disposal costs. A research study was undertaken to investigate the prospects of using the 
FRAP as a partial replacement of virgin coarse aggregate in concrete for pavement 
applications; the investigated replacement levels were 0%, 20%, 35%, and 50% FRAP. To 
further improve the sustainability aspect of the project, two by-product supplementary 
cementitious materials were additionally used as a partial replacement of Portland cement: 
Grade 100 ground granulated blast furnace slag and Class C fly ash. The concrete was 
evaluated for various fresh, strength, durability, shrinkage, and fracture properties.  
 Due to the costly processing and washing of the FRAP, a second FRAP source was also 
evaluated for fresh and strength properties; this FRAP source was unprocessed and unwashed, 
or “dirty.” This dirty FRAP was evaluated using the same mix design methodology and 
replacement levels as the primary FRAP source investigated.  
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CHAPTER 2 LITERATURE REVIEW OF RAP IN CONCRETE  
 
A distinction must be drawn between typical reclaimed asphalt pavement (RAP) and 
FRAP. RAP is the traditional term used for asphalt milled from the roadway, while the additional 
processing (i.e., washing and screening/fractionating) results in FRAP. No studies were 
reported in the literature using FRAP in concrete, but a number of studies have been published 
on RAP in concrete. Several studies investigated a paving concrete while others examined lean 
concrete mixtures more suited for a stabilized base layer. The literature review is subsequently 
divided into these separate sections. A literature summary of the effects of RAP on fresh and 
hardened concrete properties can be found in Table 1. The specific concrete mix design and 
RAP properties from the various studies can be found in Table 2. It should be noted that results 
from each study may or may not be directly relatable since each study utilized different RAP 
sources and mix design procedures (for example, only a few studies used a volumetric mix 
design approach in order to maintain a constant paste volume when replacing coarse aggregate 
with RAP).  
 
2.1 RAP IN CONCRETE 
Delwar et al. (1997) investigated numerous mixtures with varying percent replacements 
of coarse and fine RAP (0%, 25%, 50%, 75%, and 100%) and two water-cement (w/c) ratios 
(0.4 and 0.5). With the exception of a few instances, the general trend was that the inclusion of 
RAP (fine and/or coarse) increased the amount of entrapped air, decreased the unit weight, and 
decreased the slump. The results for the hardened properties showed that adding RAP (fine 
and/or coarse) to concrete reduced the modulus of elasticity and the compressive strength, but 
the strain at the peak compressive load was higher for the concrete with RAP. Delwar et al. 
concluded that concrete with high contents of RAP should be suitable for non-pavement 
applications such as sidewalks, barriers, and gutters.  
Hassan et al. (2000) examined mixtures containing 100% coarse RAP with natural sand 
and also with 100% coarse and fine RAP. The mixture with both 100% fine and coarse RAP had 
the lowest compressive and flexural strength and greatest porosity and oxygen permeability. 
One mix included 30% replacement of cement with fly ash and 100% coarse RAP. The fly ash 
mix with 100% coarse RAP had similar compressive and flexural strengths relative to the same 
mix without fly ash but had lower porosity and oxygen permeability.   
Huang et al. (2006) studied coarse and fine RAP replacements at 0%, 10%, 30%, 50%, 
and 100%. The addition of silica fume was also examined as a replacement of cement at 0%, 
10%, and 20%. The slump increased for low RAP contents but decreased drastically for higher 
RAP contents, particularly at high fine RAP contents. The addition of silica fume resulted in a 
nearly zero slump. The air content was generally not greatly affected by RAP, but the air content 
was slightly higher at higher RAP contents. The use of RAP in the concrete reduced the 
compressive and split tensile strengths, although the addition of silica fume did not significantly 
affect the compressive strength, and the split tensile strength was reported to be lower with 
silica fume. The addition of RAP decreased the modulus of elasticity. The toughness of the 
concrete was increased with the addition of RAP, particularly at higher RAP contents. The 
inclusion of fine RAP resulted in an increase in toughness but a smaller decrease in strength, so 
the authors suggested that a small replacement of sand with fine RAP may be beneficial.  
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Table 1. Published Effects of RAP on Concrete Properties 
Concrete 
Property 
Effect on 
Property as the 
Amount of RAP 
in Concrete 
Increases 
References 
Compressive 
strength 
Decrease 
Patankar and Williams 1970; Kolias 1996a; Delwar et al. 1997; Li et al. 
1998; Sommer and Bohrn 1998; Dumitru et al. 1999; Hassan et al. 
2000; Mathias et al. 2004; Huang et al. 2005, 2006; Katsakou and 
Kolias 2007; Hossiney et al. 2008, 2010; Al-Oraimi et al. 2009; Okafor 
2010; Bermel 2011; Bilodeau et al. 2011; Bly and Weiss 2012 
Split tensile 
strength 
Decrease 
Patankar and Williams 1970; Kolias 1996a; Sommer and Bohrn 1998; 
Mathias et al. 2004; Hossiney et al. 2008, 2010; Huang et al. 2005, 
2006; Bilodeau et al. 2011; Katsakou and Kolias 2007 
Flexural 
strength 
Decrease 
Patankar and Williams 1970; Sommer 1994; Kolias 1996a; Li et al. 
1998; Sommer and Bohrn 1998; Dumitru et al. 1999; Hassan et al. 
2000; Katsakou and Kolias 2007; Hossiney et al. 2008, 2010; 
Al-Oraimi et al. 2009; Okafor 2010; Bermel 2011; Bly and Weiss 2012 
Direct tensile 
strength 
Decrease Patankar and Williams 1970; Katsakou and Kolias 2007 
Modulus of 
elasticity 
Decrease 
Patankar and Williams 1970; Kolias 1996a, 1996b; Delwar et al. 1997; 
Sommer and Bohrn 1998; Dumitru et al. 1999; Mathias et al. 2004; 
Huang et al. 2006; Katsakou and Kolias 2007; Hossiney et al. 2008, 
2010; Al-Oraimi et al. 2009; Bilodeau et al. 2011 
Complex 
stiffness 
modulus 
Decrease Kolias 1996b; Bilodeau et al. 2011 
Resilient 
modulus 
Decrease Li et al. 1998 
Free 
shrinkage 
Increase Dumitru et al. 1999 
Decrease Hossiney et al. 2008 
Variable* Hossiney et al. 2010 
No Effect Sommer 1994 
Creep 
strains 
Increase Kolias 1996a 
Coefficient of 
thermal 
expansion 
Variable* Hossiney et al. 2008, 2010 
Toughness Increase Huang et al. 2005, 2006 
Fatigue 
properties 
Reduce Mathias et al. 2004 
Improve Li et al. 1998 
Porosity Increase Hassan et al. 2000 
Oxygen 
permeability 
Increase Hassan et al. 2000 
Surface 
absorption 
No Effect Al-Oraimi et al. 2009 
Frost 
resistance 
Decrease Sommer 1994; Sommer and Bohrn 1998 
Air content 
Increase Delwar et al. 1997; Hossiney et al. 2008 
No Effect 
Dumitru et al. 1999; Huang et al. 2005, 2006; Hossiney et al. 2010, 
Bermel 2011 
Unit weight Decrease 
Patankar and Williams 1970; Delwar et al. 1997; 
Hossiney et al. 2008, 2010; Al-Oraimi et al. 2009, 
Slump 
Increase Hossiney et al. 2010 
Decrease 
Delwar et al. 1997; Huang et al. 2006; Hossiney et al. 2008; 
Al-Oraimi et al. 2009; Okafor 2010 
No Effect Bermel 2011 
Variable* Huang et al. 2005 
*Variable = no clear trend 
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Table 2. Literature Review Summary of Mix Design and RAP Properties 
Material Reference W/C Ratio Cementitious Cementitious Content RAP Properties 
Concrete 
Patankar and 
Williams (1970) 
5.5% water by 
mass 
Cement 
17.5:1,  
aggregate:cement 
1.5% asphalt applied to aggregate, then mixed into concrete 
Concrete Sommer (1994) 0.4 Cement 350 kg/m3 n/a 
Concrete Kolias (1996a) 5% water by 
mass 
Cement 
5% cement by mass 5% asphalt content 
Concrete Kolias (1996b) Cement 
Concrete Delwar et al. (1997) 0.4, 0.5 Cement n/a 
Coarse (SG=2.45, UW=92 pcf, Absorption=2.35%), Fine (SG=2.22, 
Absorption=2.97%); asphalt content approximately 5.2%-5.6% 
Concrete Li et al. (1998) 0.8 Cement 6% by weight Coarse aggregates coated with asphalt emulsion (type CSS-1h)  
Concrete 
Sommer and Bohrn 
(1998) 
0.35, 0.4 
Cement, silica 
fume (7%) 
355 (w/c=0.4),  
412 (0.35) kg/m3 
n/a 
Concrete Dumitru et al. (1999) n/a Cement n/a Studied RAP and aggregates freshly coated in asphalt 
Concrete Hassan et al. (2000) 0.5 
Cement, fly ash 
(30%) 
325 kg/m3 Coarse (SG=2.56), Fine (SG=2.41) 
Concrete Mathias et al. (2004) n/a Cement 220, 330 kg/m3 5.4% asphalt 
Concrete Huang et al. (2005) 0.5 Cement 396 kg/m3 Laboratory-made RAP with PG 64-22 binder 
Concrete Huang et al. (2006) 0.5 
Cement, silica 
fume (10, 20%) 
396 kg/m3 Asphalt content: coarse (5.8%), fine (7.1%) 
Concrete 
Katsakou and Kolias 
(2007) 
5.2% water by 
mass 
Cement 3%, 5% by mass 4.95% asphalt 
Concrete 
Hossiney et al. 
(2008) 
0.53 Cement 508 lb/yd3 
Coarse (SG=2.231, Absorption=2.08%), Fine (SG=2.185, 
A=2.84%) 
Concrete 
Al-Oraimi et al. 
(2009) 
0.45, 0.5 Cement 
380 (w/c=0.5),  
425 (w/c=0.45) kg/m3 
Coarse (SG=2.40, Absorption=1.8%), Fine: (SG=2.45, 
Absorption=1.6%) 
Mortar 
Topcu and Isikdag 
(2009) 
0.5 Cement 580 kg/m3 Absorption=0.7-0.8% 
Concrete 
Hossiney et al. 
(2010) 
0.43, 0.48, 0.53 Cement 
628 (w/c=0.43), 562 
(0.48), 508 (0.53) lb/yd3 
RAP1: same as Hossiney et al. (2008); RAP2: Coarse (SG=2.309, 
Absorption=2.20%), Fine (SG=2.325, A=1.77%) 
Concrete Okafor (2010) 0.5, 0.6, 0.7 Cement 
1:2:4, 1:3:6, 
cement:sand:RAP 
Coarse RAP (SG=2.28, absorption=2.9%) 
Concrete Bermel (2011) 0.35-0.45 
Cement, fly ash 
(15%) 
Paste volume: 27%-
40% 
Asphalt content: 6.7% (Coarse SG=2.50, Fine SG=2.18) 
Concrete 
Bilodeau et al. 
(2011) 
0.508, 0.516 
Hydraulic 
binder * 
12% (400 kg/m3) 3.51% asphalt content 
Concrete 
Bly and Weiss 
(2012) 
0.45 Cement 500 lb/yd3 RAP1 (SG=2.4, Absorption=2.87%), RAP2 (SG=2.33, A=1.54%) 
* 52% clinker, 21% fly ash, 6% slag, 21% limestone 
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Hossiney et al. (2008) studied coarse and fine RAP replacements at 0%, 10%, 20%, and 
40%. The slump and unit weight both decreased with increasing RAP replacement, but the air 
content change was variable, with increased air content at higher RAP contents. In general, the 
addition of RAP resulted in a decrease in the modulus of elasticity, compressive strength, 
flexural strength, and split tensile strength. The inclusion of RAP resulted in a reduction in free 
shrinkage. The coefficient of thermal expansion in general was not affected, although a slight 
increase was seen at 28 days as the RAP content increased. A finite element program, 
FEACONS IV, was used with the data collected, and it was found that the maximum stresses in 
the pavement decreased with the inclusion of RAP as a result of the reduced elastic modulus. 
The authors suggested that the lower stresses produced by concrete containing RAP may 
extend the performance life of concrete pavements. In a second study, Hossiney et al. (2010) 
expanded on the previous study and examined two RAP sources at different w/c ratios and 
cement contents. This study found the slump to increase with RAP. With a few exceptions, the 
air content did not change much with the addition of RAP. In general, the unit weight decreased 
with RAP. The study found that the modulus of elasticity, compressive strength, flexural 
strength, and the split tensile strength all decrease with increasing RAP. The effect of RAP on 
the free shrinkage and coefficient of thermal expansion was variable (no clear trend).  
 Al-Oraimi et al. (2009) replaced the aggregate coarse fraction with coarse RAP at 0%, 
25%, 50%, 75%, and 100% at two w/c ratios of 0.45 and 0.5. In general, the slump and unit 
weight decreased as the percentage of RAP increased, although the authors appeared to not 
account for the change in RAP specific gravity in the mix proportions, which may have resulted 
in the reduction in slump with higher RAP content. In general, the compressive and flexural 
strengths and the modulus of elasticity all showed a decreasing trend as the percentage of RAP 
increased. The percent reduction in strength decreased with increasing RAP content as the 
based concrete strength was reduced. The initial surface absorption test, an indicator of surface 
permeability, conducted on the concrete containing RAP samples found no significant change 
as RAP percentages increased.  
Between 1991 and 1993 a section of an Austrian highway was reconstructed, which 
included the crushed concrete from the existing old roadway and no more than 10% coarse 
RAP from the preexisting asphalt overlay. To date the roadway has not reported any ill effects 
from the 10% RAP. For this reconstruction, Sommer (1994) initially examined concrete 
containing RAP at replacements of 0%, 4%, 19%, and 33%. The flexural strength was reduced 
with the addition of RAP, but the 19% RAP mix flexural strength was not greatly reduced 
compared to the 4% RAP mix. The shrinkage was not greatly affected by the RAP. The frost 
resistance was reduced by the inclusion of RAP, particularly at higher RAP contents.  
A follow-up study by Sommer and Bohrn (1998) reported that adding coarse RAP to the 
concrete was acceptable up to a replacement content of 40% to 50%. The strength of RAP 
concrete could also be improved by reducing the water-cement ratio. At RAP contents greater 
than 40% to 50% in air-entrained concrete, the concrete was reported to have insufficient 
strength and frost resistance for adequate pavement performance, even at lower w/c ratios. The 
laboratory study investigated RAP replacements of 0%, 25%, 50%, 75%, and 100%. The 
compressive, split tensile, and flexural strengths and elastic modulus decreased with an 
increase in coarse RAP. In general, the frost resistance was reduced with an increase in RAP. 
Two cementitious mixes were considered: one with cement (w/c=0.4) and another with 7% silica 
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fume (w/c=0.35). In general, the silica fume addition resulted in higher compressive, split 
tensile, and flexural strengths and modulus of elasticity values and also improved the frost 
resistance.  
Okafor (2010) conducted studies comparing 100% coarse RAP to 100% virgin gravel 
aggregate. An impact crushing test on the coarse RAP showed it to be more durable than virgin 
gravel. The author concluded that RAP may be able to absorb more impact load than virgin 
aggregate. The study found that the mixes with RAP had a reduced slump, though the mix was 
still workable. At all w/c ratios and ages, the concrete with RAP had a lower compressive 
strength than the control. Additionally, the author noted that failure in compression often 
resulted from the failure between the RAP-mortar interface with little aggregate crushing while 
the virgin aggregate often failed by aggregate crushing. The compressive strength of the RAP 
and virgin concretes did not differ as much once the strength of the mortar approached the 
strength of the asphalt-mortar bond between the RAP and cement matrix, which was noted in a 
leaner concrete mix at a higher w/c ratio. The flexural strength demonstrated a similar trend to 
that of the compressive strength, with the leaner concrete mix at a higher w/c ratio having 
similar strengths between the RAP and virgin mixes.  
Bilodeau et al. (2011) examined using RAP in steel fiber-reinforced roller-compacted 
concrete (RCC). The concrete consisted of 12% hydraulic binder (by weight of aggregates and 
binder), and the binder was a blend of clinker, fly ash, slag, and limestone. Three RAP contents 
(as percent of total aggregate weight) were studied: 0%, 40%, and 80%. Also in this study was a 
reference material that consisted of a hydraulic binder-treated RAP material, which contained 
5% binder (by weight of aggregates and binder). The compressive and split tensile strengths 
and compressive elastic modulus were greatest for the roller-compacted concrete with 0% RAP 
and then decreased with increasing RAP content. The binder-treated RAP had the lowest 
compressive and split tensile strengths and compressive elastic modulus. The same trends 
were noted for the complex stiffness modulus (decreasing value with increasing RAP content, 
and the binder-treated RAP had the lowest value). The mixes with RAP were more affected by 
temperature and frequency than the 0% RAP mix in the complex stiffness modulus test. The 
master curves showed that the mixes containing RAP had viscoelastic properties, while the 0% 
RAP mix did not. An RCC test section of the investigated materials was placed on a truck 
service area off of Highway A6 near Auxerre, France.  
Mathias et al. (2004) examined two different concrete mixes: one for surface layers and 
one for base layers (the difference being the cement content). Five different total RAP contents 
were tested: 0%, 12.5%, 26%, 51%, and 90%. To test the temperature sensitivity, each 
concrete was tested for compressive and split tensile strengths and elastic modulus at 2°C, 
20°C, and 40°C. The results showed that the compressive and split tensile strengths and elastic 
modulus all decreased with increasing RAP, and that as the amount of RAP in concrete 
increased, the concrete properties became more sensitive to temperature. Fatigue testing was 
also conducted on some of the mixes. The stress ratio required to achieve at least one million 
cycles to fatigue failure was approximately 10% lower with the inclusion of 90% RAP into the 
concrete. The authors also investigated the susceptibility to transverse cracking by restraining 
3.5-m beams and subjecting them to thermal shrinkage strains. Two sets of thermal cracking 
tests were conducted comparing the 0% and 50% RAP mixes: in the first test, both concretes 
had the same cement content, but the 50% RAP mix was 25% thicker; in the second test, both 
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concretes were the same thickness, but the 50% RAP mix contained 25% more cement. The 
results showed the beams cracked at approximately the same time and with the same number 
of cracks, suggesting that a concrete slab with RAP behaved similarly in terms of thermal 
shrinkage relative to virgin aggregate concrete despite a significant reduction in tensile strength. 
A proposed structural design of several concrete pavements in France was completed with 50% 
total RAP in the concrete, which resulted in approximately 18% thicker slabs to accommodate 
the change in strength and fatigue properties but still produced a 10% reduction in material 
costs. 
In a study at Montana State University, Bermel (2011) examined the use of coarse and 
fine RAP through a design of experiments that would enable prediction of combinations not 
directly tested in the laboratory experiments. The following variables and ranges were selected: 
w/c ratio (0.35-0.45), cementitious paste volume fraction (0.27-0.40), fine RAP content (0%-
50%), coarse RAP content (25%-100%), and air-entrainment dosage (50-250 mL per 100 
pounds cementitious). The target strength requirements were 2000 psi compressive at 7 days, 
3000 psi compressive at 28 days, and 500 psi flexural at 28 days. The compressive and flexural 
strengths, in general, decreased with increasing RAP content. Through statistical analysis, it 
was found that the 7-day compressive strength was dependent on the coarse RAP content 
while the 28-day compressive strength was dependent on both the coarse and fine RAP 
content. The fine RAP appeared to affect the strength more than the coarse RAP, especially at 
28 days. The RAP content did not appear to be a statistically significant independent variable for 
the 28-day flexural strength, the slump, or the air content. The final optimized mix design, based 
on the strength and fresh property requirements, had a w/c ratio of 0.35, a paste volume of 
33.5%, 12.5% replacement of fine RAP, 100% replacement of coarse RAP, and an air-
entrainment dosage of 200 mL per 100 pounds cementitious. For a high strength mix (design 
strengths of 3200 psi compressive at 7 days and 4000 psi compressive at 28 days), the 
optimized mix design had a w/c ratio of 0.35, a paste volume of 34.4%, 20% replacement of fine 
RAP, 45% replacement of coarse RAP, and an air-entrainment dosage of 136 mL per 100 
pounds cementitious. 
 In a study of various recycled materials for airfield pavements, Bly and Weiss (2012) 
studied two RAP sources: one graded (RAP-1) and one ungraded (RAP-2), both at 0%, 25%, 
and 50% replacements of the coarse aggregate. The ungraded RAP had a much higher nominal 
maximum aggregate size of 2 inches versus the graded RAP at 0.5 inch. The compressive and 
flexural strengths both decreased with the presence of RAP relative to the control, although the 
decrease was greater with the ungraded RAP versus the graded RAP.  
  
2.2 RAP IN LEAN CONCRETE 
Dumitru et al. (1999) studied both RAP and aggregates freshly coated with asphalt in a 
concrete mix for subbase applications. The water demand increased when asphalt was present 
on the aggregates. The asphalt-coated aggregates did not have a significant effect on the air 
content. In general, there was a reduction in the compressive strength with the introduction of 
the RAP and/or asphalt-coated aggregates. Concrete with RAP and/or asphalt-coated 
aggregates experienced greater drying shrinkage and a decreased modulus of elasticity. At 7 
days, the concrete with RAP and/or asphalt-coated aggregates demonstrated an increase in 
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flexural strength versus the control mix (virgin aggregates); the trend at 28 days showed, in 
general, a decrease in flexural strength.  
Kolias (1996a) created cement-treated mixtures (5% cement by mass) with various total 
virgin aggregate replacements (0%, 25%, 50%, 75%, and 100% RAP). The results show that 
the compressive, flexural, and split tensile strengths all decreased with increasing RAP 
replacement. Additionally, the results showed that the modulus of elasticity (both static and 
dynamic) decreased with increasing RAP content. Creep tests showed that cement-treated 
materials with high RAP replacements (such as 100%) develop significantly greater creep 
strains than lower RAP contents (such as 0%) after 1 hour at 30% of ultimate strength sustained 
loading. With the same materials, Kolias (1996b) conducted additional experiments to determine 
the effect of temperature and loading rate. Under sinusoidal loading, it was found that the 
complex modulus decreased and the phase angle increased with increasing RAP contents. 
Additionally, the resonance modulus of elasticity and the modulus of elasticity under ramp 
loading decreased with increasing RAP contents. The effects of loading rate and temperature 
are more significant for materials with higher RAP contents compared to the 0% RAP mix. For a 
similar loading rate, it was found that the type of loading (ramp or sinusoidal) was not significant.  
Katsakou and Kolias (2007) created cement-treated mixtures with various RAP 
replacements (0%, 25%, 50%, 75%, and 100%) and two cement contents (3% and 5% by 
mass). The compressive strength was found to decrease with increasing RAP contents. 
However, the uniaxial tensile and flexural strengths of the material were unchanged up to 50% 
RAP replacement, but then decreased at higher percentages. For split tensile strength, the 
strength in general decreased with increasing RAP content. The rate of strength loss in 
compression was greater than in tension as the amount of RAP increased. The modulus of 
elasticity in compression, tension, and flexure all decreased with increasing RAP content, and 
the difference was more significant at later ages. It was additionally found that the rate of 
decrease in the modulus of elasticity was greater than the rate at which the strength decreased.  
The use of RAP in a cement-stabilized base material has also been studied. In general, 
it has been found that as the RAP content increases in a cement-stabilized material, the 
unconfined compressive strength decreases (Taha et al. 2002; Guthrie et al. 2007; Yuan et al. 
2011), the indirect tensile strength decreases (Yuan et al. 2011), the modulus decreases (Yuan 
et al. 2011), the optimum moisture content decreases (Taha et al. 2002; Guthrie et al. 2007; 
Yuan et al. 2011), and the maximum dry density decreases (Taha et al. 2002; Guthrie et al. 
2007; Yuan et al. 2011). Similar effects have been noted when RAP bases have been stabilized 
with other cementitious materials such as cement kiln dust (Taha 2003). In addition, increasing 
the RAP content, in general, results in lower dielectric values from the tube suction test (Guthrie 
et al. 2007). It has been found that the addition of glass fibers to a cement-treated RAP material 
may have some (limited) benefits (Hoyos et al. 2011). The strength has also been found to be 
relatively independent of RAP asphalt content at various stabilization cement contents (Yuan et 
al. 2011). The effect of aggregate size distribution has shown that RAP with a greater amount of 
fines (passing the #40 sieve) results in a greater unconfined compressive strength (Yuan et al. 
2011). Other studies have only examined the use of 100% RAP in a stabilized base material 
and have found that it can result in a suitable pavement layer (Miller et al. 2006; Hoyos et al. 
2011; Puppala et al. 2011).  
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2.3 RAP IN CONCRETE (MISCELLANEOUS STUDIES) 
In a recent study by Mathias et al. (2009), a two-phase approach called the triple-sphere 
model was proposed to predict the modulus and strength of concrete with RAP. Two different 
models of RAP were considered: in the first, RAP was a composite material consisting of natural 
aggregate, RAP, and cement matrix; in the second model, the bitumen was added as dispersed 
phase in the cement matrix with the aggregate being the second phase. The first model was 
able to reasonably predict the compressive and tensile strength and general trends of elastic 
modulus with increasing RAP content. The second approach, with the bitumen added as a 
phase in the cement matrix, had a better predictive ability for strength and modulus. 
Topcu and Isikdag (2009) examined the prospects of using fine RAP to replace natural 
fine aggregate in mortars at replacements of 0%, 25%, 50%, 75%, and 100%. The following 
were found to decrease with increasing percentages of RAP: unit weight, ultrasonic pulse 
velocity, compressive and flexural strengths, and modulus of elasticity. Testing restrained rings 
with RAP mortar resulted in later cracking times and narrower maximum crack widths as the 
amount of RAP replacement increased. Additionally, the amount free shrinkage and the 
abrasion increased with increasing fine RAP content. 
A few studies focused on the prospects of producing concrete from freshly coated 
asphalt aggregates (Patankar and Williams 1970; Li et al. 1998; Dumitru et al. 1999; Huang et 
al. 2005). Patankar and Williams (1970) investigated the effect of using aggregates coated with 
asphalt in a dry lean concrete for road bases. The coarse aggregates were coated with 1.5% 
asphalt by weight of aggregate and then mixed into the concrete. The results for the asphalt-
coated aggregate mix showed a reduction (versus the control) in unit weight, compressive 
strength, tensile strength (flexural, direct tension, and split tension), and modulus of elasticity.  
Li et al. (1998) studied a lean concrete material (6% cement) for use as a base layer in 
which the coarse aggregates were coated with an asphalt emulsion and then introduced into a 
cement mortar. The cement-asphalt emulsion concrete resulted in slightly better fatigue 
performance at the same stress-strength ratio relative to the control mix. Microscopic 
observations showed that the cement-asphalt emulsion concrete had a more ductile fatigue 
failure with a longer period of crack propagation, which demonstrates that the composite can be 
beneficial in hindering crack propagation. Compared to the control, the cement-asphalt emulsion 
concrete resulted in lower compressive and flexural strengths and a lower resilient modulus. At 
lower temperatures, the cement-asphalt emulsion concrete has stress-strain behavior similar to 
plain concrete, but at higher temperatures, the stress peak is lower and the post-peak strain is 
significantly extended, enhancing the strain capability of the material. The authors suggested 
that the asphalt-cement bond needed improvement for increased material performance.  
Huang et al. (2005) tested four concrete mixes with combinations of 0% and 100% fine 
and coarse laboratory-made RAP. The RAP was made with a PG 64-22 binder with sufficient 
asphalt to produce an 8-μm-thick layer of asphalt on the aggregate. After aging for 12 hours in 
the oven, the RAP was separated into fine and coarse portions by the #4 sieve. The air content 
of the concretes with RAP was similar to the control. The concretes with only fine or coarse RAP 
had a reduced slump, but the mix with 100% fine and coarse RAP had a higher slump than the 
control. As expected, the concrete with RAP had lower compressive and split tensile strengths 
than the control. The concrete with fine RAP had lower strengths than the coarse RAP mixes 
while the combination of fine and coarse RAP in the concrete produced the overall lowest 
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strengths. Finally, the RAP mixtures had a higher strain capacity at the peak load as the RAP 
content increased. 
 
2.4 FIELD STUDIES OF RAP IN CONCRETE PAVEMENTS 
In October 1997 the Kansas Department of Transportation placed a doweled two-lift 
concrete test section using RAP (Wojakowski 1998). The bottom lift was 7 inches and contained 
15% RAP, and the top lift was 3 inches of a typical paving concrete mixture with virgin 
aggregates. The RAP replaced the intermediate aggregate size in the gradation at 15% of the 
total aggregate content, and all RAP particles greater than 3/4 inch were removed. The 
performance of the test section was examined in 2009 (McLeod 2010). The average joint 
faulting for the two-lift section with RAP was found to be 0.22 mm per joint, compared to the 
control section, which had an average faulting of 0.15 mm per joint. Likewise, the average 
spalling was found to be 83 mm per joint for the two-lift section with RAP compared to 67 mm 
per joint for the control section. The most recent joint load-transfer evaluation in 2009 revealed a 
load-transfer efficiency of 85% for the two-lift section with RAP.   
Two-lift concrete pavements are often utilized on key roadways in Austria, and RAP is 
permitted to be used in the bottom lift (H. Sommer, personal communication, December 2011). 
Up to 20% of the coarse aggregate in the bottom lift can be RAP, but only RAP retained on the 
#4 sieve is permitted. The fine aggregate is always virgin material. Typically, Austrian 
construction practices will utilize about 10% RAP in the bottom lift, taken from crushing thin 
asphalt overlays.  
The first concrete with RAP placed in Illinois was done by the Tollway on October 21, 
2010. The concrete was placed on the westbound on-ramp to I-94 from Route 21 (Milwaukee 
Avenue). A 9-inch-thick layer of concrete was laid in preparation for a composite pavement. 
Within 10 days the concrete joints (15-foot spacing) were sawed and sealed in preparation for a 
3-inch asphalt surface course. The final concrete contained about 28% coarse FRAP and 21% 
fly ash. The FRAP was found to have approximately 15% agglomerated particles. Both a water 
reducer and an air-entraining agent were used. The total cementitious content was 644 lb/yd3 
with a water-to-cementitious ratio (w/cm) of 0.35.  
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CHAPTER 3 LABORATORY MIX DESIGN AND PREVIOUS FRAP 
STUDIES IN ILLINOIS 
 
This chapter introduces the material constituents used in the laboratory mix design study 
of FRAP in concrete. There is additional information reported on the mix design studies 
conducted on concrete with FRAP by the Tollway through S.T.A.T.E. Testing, the results of 
which were then used to begin the testing at the University of Illinois.   
 
3.1 S.T.A.T.E. TESTING RESULTS  
 Prior to the start of the investigation at the University of Illinois at Urbana-Champaign 
(UIUC), S.T.A.T.E. Testing examined seven different mixes containing either 100% or 34% 
FRAP, as seen in Table 3. The cementitious content ranged from 575 to 665 lb/yd3. Three 
mixes contained a ternary blend of cementitious materials with 10% fly ash and 25% slag. The 
w/cm ratio was 0.42 but varied slightly for each mix, as seen in Table 4. After the mixes were 
batched, slump, air content, unit weight, and compressive strength were measured; the results 
are presented in Table 4 and Table 5. Note that mixes TW001, TW002, and TW003 were each 
batched twice.   
 
Table 3. S.T.A.T.E. Testing Mix Designs (in lb/yd3 or gal/yd3) 
 
TW001 TW002 TW003 TW004 TW005 TW006 TW007 
CA11 0 1194 1194 1194 1194 1194 1194 
FRAP 1705 603 603 603 603 603 603 
FA02 1286 1268 1209 1111 1232 1165 1061 
Cement 575 575 605 655 375 395 430 
Fly ash 0 0 0 0 60 65 70 
Slag 0 0 0 0 145 155 165 
Water (gal) 29.1 29.1 30.6 33.1 29.3 31.1 33.6 
 
Table 4. S.T.A.T.E. Testing Fresh Property Results  
 
w/cm Ratio 
Air Content 
(%) 
Slump 
(in) 
Unit Weight 
(lb/ft
3
) 
TW001A 0.439 5.0 1.5 144.8 
TW001B 0.444 10.0 4.0 135.6 
TW002A 0.401 5.0 1.0 149.6 
TW002B 0.472 6.8 4.5 144.8 
TW003A 0.431 5.7 3.0 146.8 
TW003B 0.431 10.0 4.0 137.6 
TW004 0.433 7.9 5.5 141.2 
TW005 0.406 7.9 5.0 140.4 
TW006 0.388 6.3 4.0 143.6 
TW007 0.389 7.4 4.5 141.2 
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Table 5. S.T.A.T.E. Testing Compressive Strength Results 
 
Compressive Strength (psi) 
 
24 hours 3 days 7 days 14 days 28 days 
TW001A 1109 1731 1906 1870 2156 
TW001B 1043 1475 1529 1670 1722 
TW002A 3244 3833 3792 4272 4810 
TW002B 2153 2814 3017 3406 3689 
TW003A 2712 3409 3859 3771 4123 
TW003B 1903 2435 2763 2766 2982 
TW004 1826 2514 2751 3060 3107 
TW005 1235 1864 2841 3312 3959 
TW006 1571 2482 3520 4061 4453 
TW007 1496 2189 3064 3578 4084 
 
Given that the w/cm ratio was not constant for each batch mix, the mixes cannot be 
directly compared. However, as seen in Table 4, the air content, slump, and unit weight were all 
relatively variable, with the air content varying by as much as 5% between two batches of the 
same mix. The compressive strength, as seen in Table 5, appeared to be directly related to the 
FRAP content and air content. The mixes with high air contents (10%) had expectedly low 
relative compressive strengths. Only a few mixes met the 3500 psi compressive strength 
requirement at 14 days, as set by IDOT (2012) for Class PV concrete; namely, mixes TW002A 
(plain cement 575 lb/yd3), TW003A (plain cement 605 lb/yd3), TW006 (ternary blend 615 lb/yd3), 
and TW007 (ternary blend 665 lb/yd3). The main conclusions of this laboratory testing were that 
concrete containing FRAP could produce mixtures with acceptable fresh and hardened 
properties with current concrete specifications for a variety of cementitious material contents. 
The study also indicated the air content was more sensitive with FRAP aggregates. 
 
3.2 AGGREGATE PROPERTIES  
Three types of aggregates were used in this study: virgin coarse aggregate, coarse 
FRAP, and virgin fine aggregate. The physical properties of the aggregates were evaluated 
using the standardized tests found in Table 6. An additional test for the number of agglomerated 
particles contained in the coarse FRAP was manually completed.  
 
Table 6. Aggregate Properties and Characterization Tests 
Test Standard 
Gradation ASTM C136 (2006) 
Unit Weight ASTM C29 (2009) 
Specific Gravity 
and Absorption 
Coarse: ASTM C127 (2007)  
Fine: ASTM C128 (2007) 
 
3.2.1 Aggregate Gradation 
Following ASTM C136 (2006), the particle size distribution of each aggregate type was 
determined. Three samples of each aggregate were tested to determine the average gradation. 
Prior to testing, the aggregates were passed through a splitter in order to obtain a 
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representative sample. The gradations were then classified according to Illinois Department of 
Transportation specifications (IDOT 2012). The virgin coarse aggregate utilized was classified 
as a CA11 while the fine aggregate was a FA02. The limits of both CA11 and FA02 can be 
found in Table 7 and Table 8.  
The sampled coarse FRAP gradation is shown in Table 7 and Figure 1. The FRAP does 
not meet the CA11 gradation limits due to percent passing the 1/2-inch sieve. However, the 
coarse aggregate blends for the final mix design do meet a combined CA11 gradation, as 
shown in Table 10.  
The average virgin coarse aggregate gradation, shown in Table 8 and Figure 2, met the 
IDOT CA11 gradation limits. Although the 3/8-inch aggregate falls outside of the limit lines 
shown in Figure 2, the gradation still passes since the CA11 requirement does not specify a 3/8-
inch limit. The virgin fine aggregate gradation is displayed in Table 9 and Figure 3 and meets 
the FA02 gradation limits.  
 
Table 7. Coarse FRAP Gradation 
Sieve 
Test 1 
(%) 
Test 2 
(%) 
Test 3 
(%) 
Average 
(%) 
CA11 Gradation 
Limits 
1" 25 mm 100.0 100.0 100.0 100.0 100 
3/4" 19 mm 99.6 100.0 100.0 99.9 84-100 
1/2" 12.5 mm 76.6 78.9 79.6 78.4 30-60 
3/8" 9.5 mm 34.9 38.7 40.2 37.9 — 
#4 4.75 mm 2.9 3.7 4.4 3.6 0-12 
#8 2.36 mm 1.4 1.5 2.0 1.6 0-6 
#16 1.18 mm 1.0 1.0 1.3 1.1 — 
#30 0.6 mm 0.8 0.6 0.9 0.8 — 
#50 0.3 mm 0.6 0.4 0.7 0.6 — 
#100 0.15 mm 0.4 0.2 0.4 0.3 — 
#200 0.075 mm 0.2 0.0 0.2 0.1 — 
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Figure 1. A plot of the coarse FRAP gradation and CA11 limits.  
 
Table 8. Virgin Coarse Aggregate Gradation 
Sieve 
Test 1 
(%) 
Test 2 
(%) 
Test 3 
(%) 
Average 
(%) 
CA11 Gradation 
Limits 
1" 25 mm 100.0 100.0 100.0 100.0 100 
3/4" 19 mm 96.5 95.4 96.7 96.2 84-100 
1/2" 12.5 mm 34.4 35.7 39.4 36.5 30-60 
3/8" 9.5 mm 10.7 10.5 12.0 11.1 — 
#4 4.75 mm 1.1 1.3 1.5 1.3 0-12 
#8 2.36 mm 0.9 1.2 1.3 1.1 0-6 
#16 1.18 mm 0.9 1.1 1.3 1.1 — 
#30 0.6 mm 0.8 1.1 1.2 1.1 — 
#50 0.3 mm 0.8 1.1 1.2 1.0 — 
#100 0.15 mm 0.7 1.0 1.1 0.9 — 
#200 0.075 mm 0.6 0.7 0.8 0.7 — 
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Figure 2. A plot of the coarse virgin aggregate gradation and CA11 limits. 
 
 
 
Table 9. Virgin Fine Aggregate Gradation 
Sieve 
Test 1 
(%) 
Test 2 
(%) 
Test 3 
(%) 
Average 
(%) 
FA02 Gradation 
Limits 
#4 4.76 mm 100.0 99.9 99.8 99.9 94-100 
#8 2.38 mm 90.1 90.3 89.8 90.1 — 
#16 1.19 mm 70.1 70.7 70.0 70.3 45-85 
#30 0.6 mm 46.9 46.7 45.6 46.4 — 
#50 0.3 mm 17.0 16.4 15.8 16.4 10-30 
#100 0.15 mm 3.3 3.2 3.1 3.2 0-10 
#200 0.075 mm 0.8 0.8 0.8 0.8 — 
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Figure 3. A plot of the virgin fine aggregate gradation and FA02 limits. 
 
Table 10. Gradations of FRAP and Coarse Aggregate Blends Relative to IDOT CA11 Limits 
Sieve 
FRAP Content CA11 Gradation 
Limits (%) 0% 20% 35% 50% 
1" 25 mm 100.0 100.0 100.0 100.0 100 
3/4" 19 mm 96.2 96.9 97.5 98.0 84-100 
1/2" 12.5 mm 36.5 44.9 51.2 57.4 30-60 
3/8" 9.5 mm 11.1 16.4 20.5 24.5 — 
#4 4.75 mm 1.3 1.8 2.1 2.5 0-12 
#8 2.36 mm 1.1 1.2 1.3 1.4 0-6 
#16 1.18 mm 1.1 1.1 1.1 1.1 — 
#30 0.6 mm 1.1 1.0 1.0 0.9 — 
#50 0.3 mm 1.0 0.9 0.9 0.8 — 
#100 0.15 mm 0.9 0.8 0.7 0.6 — 
#200 0.075 mm 0.7 0.6 0.5 0.4 — 
 
3.2.2 Aggregate Unit Weight 
The unit weight of the FRAP, virgin coarse aggregate, and virgin fine aggregate were 
determined in accordance with ASTM C29 (2009). Only the virgin aggregates were oven dried 
prior to conducting the test since the FRAP tends to bond together (agglomerate) when 
subjected to elevated drying temperatures. The individual test values, including the average, 
can be found in Table 11. As expected, the FRAP has a lower unit weight than the coarse virgin 
aggregate, mainly due to the asphalt coating, which has a lower specific gravity than aggregate.  
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Table 11. Bulk Unit Weight Values for each Aggregate Type 
 
Bulk Unit Weight (lb/ft3) 
 
1 2 3 Average 
Coarse FRAP 93.2 93.0 94.0 93.4 
Virgin Coarse Aggregate 97.4 95.6 97.6 96.9 
Virgin Fine Aggregate 111.6 112.0 112.8 112.1 
 
3.2.3 Aggregate Specific Gravity and Absorption 
The specific gravity (SG) and absorption for FRAP and virgin coarse aggregate were 
determined by ASTM C127 (2007), while ASTM C128 (2007) was used for the virgin fine 
aggregate calculations. The FRAP values can be found in Table 12, and the virgin coarse 
aggregate values are found in Table 13. The fine aggregate values are reported in Table 14. 
The relative specific gravity at saturated surface-dry (SSD) condition, as opposed to oven dry 
(OD), is the value used in the concrete mix design calculations. As expected, the specific gravity 
was smaller for the FRAP relative to the virgin coarse and fine aggregate.  
The dry bulk SG and absorption information about the original aggregate used in the 
asphalt pavement is listed in Table 15. The original aggregate had a higher absorption value, 
which may be one reason why the FRAP had a higher absorption capacity than the virgin 
aggregate source. Both a CM11 and a CM13 were used in the original asphalt pavement, and 
both were used at 38% by weight of aggregate in the original asphalt mix design.  
 
Table 12. Coarse FRAP Specific Gravity and Absorption 
 
1 2 3 Average 
Relative SG (OD) 2.54 2.53 2.52 2.53 
Relative SG 
(SSD) 
2.61 2.59 2.58 2.59 
Apparent SG 2.71 2.69 2.69 2.70 
Absorption 2.49% 2.34% 2.53% 2.45% 
 
Table 13. Virgin Coarse Aggregate Specific Gravity and Absorption 
 
1 2 3 Average 
Relative SG (OD) 2.67 2.67 2.68 2.67 
Relative SG 
(SSD) 
2.72 2.72 2.71 2.72 
Apparent SG 2.82 2.82 2.78 2.81 
Absorption 2.01% 2.00% 1.39% 1.80% 
 
Table 14. Virgin Fine Aggregate Specific Gravity and Absorption 
 
1 2 3 Average 
Relative SG (OD) 2.64 2.62 2.62 2.63 
Relative SG 
(SSD) 
2.67 2.66 2.66 2.66 
Apparent SG 2.74 2.73 2.73 2.73 
Absorption 1.37% 1.49% 1.56% 1.47% 
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Table 15. Properties of the Virgin Aggregate Used in the Asphalt  
Pavement That Was Reclaimed as FRAP for This Study 
Aggregate Gsb (dry) Absorption 
CM11 2.624 2.5% 
CM13 2.619 2.9% 
 
3.2.4 Aggregate Mineralogy  
To determine the mineralogy of the aggregates, x-ray diffraction (XRD) was used, which 
can classify crystalline systems based on the crystal structure as determined by the reflected x-
rays. Specifically, powder XRD was used for this classification. The aggregates were first oven 
dried to remove the moisture and then ground manually with a mortar and pestle. All particles 
passing the #200 sieve (≤74 μm) were used for powder XRD. The virgin coarse aggregate, 
FRAP with the binder removed, and fine aggregate sand were analyzed with powder XRD. 
The machine used was a Siemens-Bruker D5000 XRD, which utilizes copper (Cu) Kα 
radiation as the x-ray source. The machine is also equipped with a graphite monochromator and 
a scintillation detector. The machine was operated at 40 kV and 30 mA. A sample size of 0.5 
cm3 was examined in a sample holder with a cavity measuring 25 mm in diameter and 1 mm 
deep. Each sample was examined from 10° to 90° with an increment of 0.02° and a scan speed 
of 1° per minute.  
The virgin coarse aggregate was found to be dolomite CaMg(CO3)2, as shown in Figure 
4. The identified peaks from the XRD analysis are shown in Table 16. As can be noted, nearly 
all of the peaks were identified as dolomite, with the exception of Peak 3, which had a very 
small relative height. This peak could correlate to any number of compounds, but given the 
small intensity and because only one peak was unidentified, there is insufficient information to 
further define the virgin coarse aggregate. 
Once the binder was extracted from the FRAP, the aggregate was tested for mineral 
identification. The FRAP aggregate was also identified as dolomite CaMg(CO3)2, as shown in 
Figure 5. Additionally, all peaks were identified as correlating to dolomite (Table 17).  
The fine aggregate sand was also examined, and it was found to contain both dolomite 
CaMg(CO3)2 and quartz SiO2, as seen in Figure 6. Nearly all of the peaks were identified as 
either dolomite or quartz (Table 18), although there were still a few peaks of small relative 
intensity that were unidentified. A search to identify the remaining peaks was unsuccessful, but 
the relative intensities indicate that the content of the other phase(s) was not significant relative 
to the dolomite and quartz.  
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Figure 4. XRD pattern for the virgin coarse aggregate identified as dolomite. 
 
Table 16. Identified Peaks from the XRD Analysis of the Virgin Coarse Aggregate (Dolomite) 
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Figure 5. XRD pattern for the FRAP coarse aggregate identified as dolomite. 
 
 
 
Table 17. Identified Peaks from the XRD Analysis of the FRAP Coarse Aggregate (Dolomite) 
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Figure 6. XRD pattern for the fine aggregate sand identified as primarily dolomite and quartz. 
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Table 18. Identified Peaks from the XRD Analysis of the Fine  
Aggregate Sand (Dolomite and Quartz) 
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3.2.5 FRAP Agglomerated Particles 
To determine the amount of coarse FRAP particles that were agglomerations of finer 
aggregates, three samples were taken and hand-sorted to determine the weight percentage of 
agglomerated particles. An agglomerated particle was considered as two or more mineral 
aggregates bonded together by asphalt, as well as any particles that appeared to be composed 
entirely of asphalt binder and mineral filler. Approximately 14.2% of particles were found to be 
agglomerated, as seen in Table 19.  
 
Table 19. Agglomerated FRAP Particles 
 
1 2 3 Average 
Total Mass (lb) 4.69 5.56 4.61 — 
Mass of 
Agglomerated 
Particles (lb) 
0.72 0.78 0.61 — 
Percent 
Agglomerated 
15.3% 14.0% 13.2% 14.2% 
 
3.2.6 FRAP Asphalt Content and Properties 
The original asphalt pavement from which the FRAP was taken was constructed in 2003 
and used a performance grade (PG) 70-22 binder. The pavement was in service until it was 
cold-milled in 2010 and subsequently washed and fractionated. It was expected that the 
extracted binder from the FRAP would have a different PG classification due to the weathering 
(aging) and oxidation. A centrifuge extraction technique was used to determine the asphalt 
content of the FRAP, following AASHTO T164 (2011). As seen in Table 20, the asphalt content 
of the coarse FRAP was found to be approximately 2.14%. The original asphalt pavement mix 
design contained 5.4% asphalt, so the reduction in asphalt content is mainly due to the removal 
of the fine FRAP particles as well as the washing process, which removed some of the asphalt 
from the coarse aggregates. 
 
Table 20. Asphalt Content by Centrifuge Extraction 
 1 2 3 Average 
Asphalt Content 2.21% 1.98% 2.24% 2.14% 
 
While centrifuge extraction is more suitable and efficient for asphalt content 
determination, a rotary evaporator was used for asphalt extraction for binder characterization 
since it is more effective. The rotary evaporator extraction was conducted according to ASTM 
D5404 (2011) and ASTM D6847 (2002). After extracting the binder, it was characterized for its 
performance grade. The dynamic shear rheometer (DSR) was used for the high temperature 
viscosity and elastic behavior of the binder while the bending beam rheometer (BBR) test was 
used to measure the low temperature stiffness and relaxation properties of the binder for low 
temperature cracking susceptibility. The DSR test was conducted following AASHTO T315 
(2010), and the BBR test followed AASHTO T313 (2010). Since the binder was already aged in 
the field, neither rolling thin-film oven (RTFO) or pressure aging vessel (PAV) was used for 
binder aging. 
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In the DSR test, two parameters of the binder specimen were measured: complex shear 
modulus (G*) and phase angle (δ). As the testing temperature increased, the parameter 
G*/sin(δ) decreased. The pass-fail temperature is the testing temperature at which the G*/sin(δ) 
parameter equals 1 kPa. The pass-fail temperature is then approximated to the nearest 
performance grade at increments of 6°C, and the results correspond to the high temperature 
performance grade. Four replicates were tested in the high temperature grading, as shown in 
Table 21, with a final grade of 88C. 
 
Table 21. PG Classification by DSR 
Sample Number Actual Grade PG Grade 
1 90 
88 
2 94 
3 88 
4 90 
 
The two parameters from the BBR test used to characterize the low temperature 
performance grade are creep stiffness of the specimen at 60 seconds and the slope of the 
master stiffness curve at 60 seconds (usually called the m-value). A higher creep stiffness value 
relates to a higher thermal stress in the asphalt binder. As the m-value decreases, the binder 
has a decreased ability to relax stress. For the binder grading at the low temperature, the 
maximum creep stiffness value should be 300 MPa with the minimum m-value of 0.300. The 
pass-fail temperature is defined as the testing temperature at which the binder satisfies the 
criteria. After approximating the nearest performance grade at increments of 6°C, the low 
temperature performance grade is obtained. Four sample replicates were tested in this study, 
with the results shown in Table 22. The low temperature grade was -22C, meaning the aging 
did not affect this part of the grading. The final FRAP asphalt classification was PG 88-22, 
indicating a stiffer asphalt on the high temperature end than the original PG 70-22. 
 
Table 22. PG Classification by BBR 
Sample Number Actual Grade PG Grade 
1 -25 
-22 
2 -25 
3 -24 
4 -24 
 
3.3 CEMENTITIOUS PROPERTIES  
Three different cementitious materials were simultaneously utilized in this study: Type I 
Portland cement, Grade 100 ground granulated blast furnace slag, and Class C fly ash. Due to 
material supply issues, three different Class C fly ashes were used throughout the mixing 
phase, but they all had similar properties. The cementitious material properties can be found in 
Table 23 and their respective composition in Table 24. Fly Ash 1 was used mainly in the trial 
batch mixes, and the majority of all other specimens and tests were created with Fly Ashes 2 
and 3.  
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Table 23. Cement, Slag, and Fly Ash Properties 
Material 
Specific 
Gravity 
Loss on 
Ignition 
(%) 
Blaine fineness 
(cm2/g) 
Cement 3.11 0.94 3532 
Slag 2.34 -0.99* — 
Fly Ash 1 2.94 1.27 — 
Fly Ash 2 2.72 0.34 — 
Fly Ash 3 2.71 0.35 — 
*Experienced a gain rather than loss on ignition 
 
Table 24. Cement, Slag, and Fly Ash Compositions 
Compound Cement (%) Slag (%) Fly Ash 1 (%) Fly Ash 2 (%) Fly Ash 3 (%) 
SiO2 20.724 37.131 34.036 34.47 34.51 
Al2O3 4.952 7.402 17.303 18.72 18.90 
TiO2 0.302 0.430 1.197 — — 
P2O5 0.209 0.008 1.206 — — 
Fe2O3 3.172 0.600 5.930 5.54 5.92 
CaO 62.966 39.481 28.024 26.40 25.39 
MgO 2.610 10.576 6.182 5.57 6.31 
SO3 2.436 2.201 1.868 2.43 1.46 
Na2O 0.129 0.232 2.018 2.07 1.99 
K2O 0.538 0.382 0.437 0.43 0.51 
Mn2O3 0.113 0.739 0.029 — — 
SrO 0.058 0.040 0.345 — — 
ZnO 0.023 0.766 0.155 — — 
 
3.4 MIX DESIGN METHODOLOGY AND PROCEDURE 
The mix was designed following the IDOT Portland Cement Concrete Technician Level 
III (IDOT PCC Level III) guide (IDOT 2009a). All parameters were within the limits for IDOT 
Class PV (paving) concrete. The critical parameters for the mix design process can be found in 
Table 25. The cementitious factor corresponds to a total cementitious content of 630 lb/yd3, 
which is within the IDOT specifications range of 565 to 705 lb/yd3 (IDOT 2012). The total 
cementitious content for the mixture designs was selected based on previous mixes completed 
by the Tollway but does not necessarily represent the optimal cement content for economy and 
mechanical properties. The water requirement corresponds to a water-to-cementitious ratio 
(w/cm) of 0.37, which is within the IDOT specifications range of 0.32 to 0.42 (IDOT 2012). The 
target air content of the concrete was selected as 6.5% (range of 5% to 8%), and the mortar 
factor was in the allowable range of 0.70 to 0.90 at 0.85 (IDOT 2012).   
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Table 25. Parameters for IDOT PCC Level III Mix Design 
 
 
A ternary blended concrete was formulated, utilizing 65% Type I Portland cement, 25% 
Grade 100 ground granulated blast furnace slag, and 10% Class C fly ash. The fly ash was at a 
1:1 replacement ratio of cement, which is permitted by the IDOT (2012) specifications if (1) the 
fly ash has a CaO content greater than 18% and a loss on ignition of less than 2% and (2) if a 
water-reducing admixture is used. Additionally, the slag was used at a 1:1 replacement ratio of 
cement since the slag was Grade 100. 
The mix design proportions can be found in Table 26. Since the specific gravity varied 
for each fly ash, the mix design changed slightly for each fly ash supplied. The only component 
to change based on the different fly ash specific gravity was the fine aggregate. The water-to-
cementitious ratio (w/cm) was held constant at 0.37 for all mixes. The moisture content of each 
aggregate was taken prior to mixing concrete, and the added water was adjusted accordingly. 
The mix design in Table 26 assumes that the aggregates are in the saturated surface-dry (SSD) 
condition. Adjusting the water content accounted for the SSD condition (i.e., if the aggregates 
were drier than SSD, then more water was added to the mix to compensate). Typically, the 
dolomite coarse aggregate and FRAP were in a moisture condition below SSD while the sand 
was typically above SSD.  
The mix design in Table 26 also follows an addendum to the IDOT (2009b) standard 
specification manual, Article 1020.05(c), which specified combinations of “finely divided 
materials” (i.e., supplementary cementitious materials such as slag and fly ash). The minimum 
amount of cement in a blended mix must be 375 lb/yd3. A blended mix can have a maximum 
Cementitious Materials 
Cement Factor 6.3 cwt/yd
3
 
 
Water Requirement 
Fine Aggregate 
Water Requirement 
5.3 gal/cwt cement 
Coarse Aggregate 
Water Requirement 
0.2 gal/cwt cement 
Total Water 
Requirement 
5.5 gal/cwt cement 
Water Reduction -20% 
Adjusted Total Water 
Requirement 
4.4 gal/cwt cement 
 
Air Requirement 
Air Requirement 6.5% 
 
Mortar Factor 
Mortar Factor 0.85 
Coarse Aggregate 
Solids 
0.6 
Volume Fraction 
Mortar 
0.59 
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cement replacement of 35% with Class C fly ash up to 25% replacement and slag up to 35%. If 
a water-reducing admixture is used, then the total cementitious content must be a minimum of 
535 lb/yd3 and a maximum of 705 lb/yd3. The allowed w/cm ratio is 0.32 to 0.44.  
 
Table 26. Mix Design Proportions (in lb/yd3) 
 Fly Ash 1 Fly Ash 2 Fly Ash 3 
Cement 409.5 409.5 409.5 
Slag 157.5 157.5 157.5 
Fly Ash 63.0 63.0 63.0 
Coarse Aggregate 
(SSD) 
1895.4 1895.4 1895.4 
Fine Aggregate 
(SSD) 
1134.2 1129.6 1129.4 
Water 230.9 230.9 230.9 
 
The coarse aggregate was blended such that the FRAP replaced the virgin coarse 
aggregate at percentages of 0%, 20%, 35%, and 50%, by weight. The final (unadjusted) 
aggregate blends can be found in Table 27. The total coarse aggregate amount changed based 
on the blended aggregate specific gravity. The blended aggregate specific gravity was 
determined by the following equation (Equation 1), where SGb is the blended specific gravity, 
PFRAP is the percent FRAP, SGFRAP is the FRAP specific gravity, PCA is the percent coarse 
aggregate, and SGCA is the coarse aggregate specific gravity: 
    
   
     
      
 
   
    
           
 
Table 27. Coarse Aggregate Amounts with FRAP Replacement 
FRAP Amount 0% 20% 35% 50% 
Blended Specific 
Gravity 
2.72 2.69 2.67 2.65 
Total Coarse 
Aggregate (lb/yd
3
) 
1895.4 1876.5 1862.6 1849.0 
FRAP (lb/yd
3
) 0.0 375.3 651.9 924.5 
Virgin Coarse 
Aggregate (lb/yd
3
) 
1895.4 1501.2 1210.7 924.5 
 
The mix designs for each FRAP replacement can be found in Table 28, based on the 
previous information presented in Table 26 and Table 27. The mix design presented in Table 28 
is based on Fly Ash 2 (see Table 26). With the different fly ash specific gravity values, only the 
fine aggregate content changes with Fly Ashes 1 and 3. For Fly Ash 1, the fine aggregate (SSD) 
content is 1134.2 lb/yd3, and with Fly Ash 3 the content is 1129.4 lb/yd3. So, as can be noted, 
the different fly ashes have a very minimal effect on the overall mix design.  
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Table 28. Mix Designs for Each FRAP Replacement Based on Fly Ash 2 (in lb/yd3) 
 0% FRAP 20% FRAP 35% FRAP 50% FRAP 
Cement 409.5 
Slag 157.5 
Fly Ash 63.0 
Total Coarse 
Aggregate (SSD) 
1895.4 1876.5 1862.6 1849.0 
Virgin Coarse 
Aggregate (SSD) 
1895.4 1501.2 1210.7 924.5 
Coarse FRAP (SSD) 0.0 375.3 651.9 924.5 
Fine Aggregate (SSD) 1129.6 
Water 230.9 
 
To control the slump and air content of the concrete, two chemical admixtures were 
utilized: air-entrainment and water-reducing admixtures. The recommended dosage of the air-
entraining admixture was 0.5 to 3 fluid ounces per 100 pounds of cement. The recommended 
dosage of the water-reducing admixture was 3 to 6 fluid ounces per 100 pounds of cement. For 
the four mixes, the air-entrainment dosage was set to be 1.05 to 1.25 fluid ounces per 100 
pounds of cementitious, with the typical dosage being 1.15. The water reducer ranged from 4 to 
4.5 fluid ounces per 100 pounds cementitious, depending on the FRAP replacement amount 
(since it was found that the addition of FRAP increased the slump and workability, so less water 
reducer was needed).  
Concrete mixing was conducted with a pan mixer in accordance with the procedure in 
ASTM C192 (2007). The coarse aggregate is added to the pan with some of the water (the air-
entrainment admixture had already been mixed into the water) and mixed for 30 seconds. Then 
the fine aggregate and cementitious materials are added to the pan, and while mixing, the rest 
of the water is added. Once all components are in the pan, it is mixed for 3 minutes, then rested 
for 3 minutes, and mixed a final time for 2 minutes. The water reducer was added slowly during 
the initial 3 minutes of mixing.  
After mixing, the fresh concrete was immediately tested for slump and air content. After 
the slump and air content were confirmed, the concrete molds were filled, covered with plastic, 
and left to cure at laboratory temperature for 24±4 hours. After demolding, the concrete samples 
are either placed in a moist curing room or dealt with in accordance with the standard for a 
given testing procedure. 
 
3.5 PRELIMINARY UIUC (TRIAL) BATCHES  
Based on the results from S.T.A.T.E. Testing (Section 3.1), three rounds of trial batches 
were conducted in order to determine the required admixture dosages. In addition, the value of 
the w/cm ratio and total cementitious content needed to be set for the full factorial study. The 
final factorial mix design was presented in Table 28.  
 
3.5.1 UIUC Trial Batches (Round 1) 
Two batches were considered in order to determine the appropriate total cementitious 
content: 577 lb/yd3 (closest to the 575 lb/yd3 minimum and still meeting the minimum cement 
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content of 375 lb/yd3) and 620 lb/yd3, which was closer to the cementitious content of previously 
successful mix designs from S.T.A.T.E. Testing. It should be noted that for the 575 trial batch, 
the fly ash replacement ratio was 1:1 in order to be as close to the minimum as possible while 
the 620 trial mix had a 1.25:1 fly ash replacement ratio. Both trial mixes contained 20% FRAP 
and had a w/cm ratio of 0.37. Aggregate and water contents were adjusted based on the 
moisture content of the aggregate relative to SSD. The trial batch mix designs are found in 
Table 29. In addition, an air-entraining admixture was used at a selected dosage of 1.75 fluid 
ounces per 100 pounds of cementitious content. The selected water reducer dosage was 3.5 
fluid ounces per 100 pounds of cementitious content. 
 
Table 29. Mix Designs for Trial Batch (Round 1) 
 
Mix 575 Mix 620 
Cement 375.05 393.25 
Slag 144.25 151.25 
Fly Ash 1 57.7 75.6 
Total 
Cementitious 
577 620.125 
Total Coarse 
Aggregate (SSD) 
1876.5 1876.5 
FRAP (SSD) 375.3 375.3 
Virgin Coarse 
Aggregate (SSD) 
1501.2 1501.2 
Virgin Fine 
Aggregate (SSD) 
1271.3 1190.0 
Water 211.5 227.3 
 
The fresh properties of the each of the mixes can be found in Table 30 and  
Table 31. The 575 mix originally had a somewhat low slump and air content, so an 
additional 4 mL of air-entrainment was added, changing the overall AEA dosage to 2.6 fluid 
ounces per 100 pounds of cementitious material. As can be seen in Table 30, the air content did 
not improve much, so a different air meter was used, resulting in a larger air content 
measurement. One of the air meters was found to be problematic, which was confirmed by two 
independent air meters and showed a significantly high air content for both mix designs as seen 
in Table 30 and  
Table 31.  
 
Table 30. Fresh Properties of Mix 575 
Dosage 
of 1.75 fl 
oz AEA 
Slump 1-3/8" 
Air Content 4.5%(1) 
Unit Weight 143.4 lb/ft3 
Dosage 
of 2.6 fl 
oz AEA 
Slump 1" 
Air Content 
5.1%(1) 
10.0%(2) 
Unit Weight lb/ft3 
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(1) Air meter #1 
(2)
 Air meter #2 
 
Table 31. Fresh Properties of Mix 620 
Slump 2.5" 
Air Content 
9.5%(3) 
11.0%(2) 
Unit Weight 135.8 lb/ft3 
(2) Air meter #2 
(3) Air meter #3 
 
The strength data can be found in Table 32 for both cementitious contents. Only the 575 
mix surpassed the IDOT 14-day strength requirement of 3500 psi. The cause of the lower 
strengths was the rather high (>10%) air content of each mix. Mix 620 nearly reached 3500 psi 
average at 28 days. The air-entrainment dosage was then adjusted for the next round of trial 
batches.  
 
Table 32. Trial Batch (Round 1) Compressive Strength Results 
Mix Day 
Compressive Strength 
(psi) Average 
(psi) 
1 2 3 
575 
(20% 
FRAP) 
7 2590 2501 2482 2524 
14 3662 3685 3591 3646 
28 3985 3800 3346 3710 
620 
(20% 
FRAP) 
7 2310 2213 2148 2224 
14 3183 3091 3281 3185 
28 3341 3527 3616 3495 
 
3.5.2 UIUC Trial Batches (Round 2) 
To obtain a better sense of the mix design properties, a second round of trial batches 
was performed, again at 575 and 620 lb/yd3 cementitious contents with 20% FRAP, called 
Mixes 575(b) and 620(b), respectively. A third trial was conducted with a cementitious content of 
620 lb/yd3 and 35% FRAP, called Mix 620-35. The mix designs for 575(b) and 620(b) are the 
same as for Mixes 575 and 620 (previously shown in Table 29). The mix design for the 620-35 
mix is shown in Table 33.  
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Table 33. Mix Design for Trial Batch 620-35  
 
Mix 620-35 
Cement 393.25 
Slag 151.25 
Fly Ash 1 75.6 
Total Cementitious 620.125 
Total Coarse 
Aggregate (SSD) 
1862.6 
FRAP (SSD) 651.9 
Virgin Coarse 
Aggregate (SSD) 
1210.7 
Virgin Fine 
Aggregate (SSD) 
1190.0 
Water 227.3 
 
Based on the slump and air content of the first round of trial batches, the admixture 
dosages were altered by lowering the air entrainment and slightly increasing the water reducer. 
For the 575(b) mix, an initial dosage of air entrainment was 1 fluid ounce per 100 pounds of 
cementitious content, and the water reducer was 3.75 fluid ounces per 100 pounds of 
cementitious content. This resulted in a very low slump (<0.5 inch), so an additional amount of 
water reducer was added, which increased the dosage to 4.38 fluid ounces per 100 pounds of 
cementitious content. The slump was seemingly unaffected, so a small amount of 
superplasticizer was added, dosing 2.1 fluid ounces per 100 pounds of cementitious content 
(the recommended dosage is 3-10 fluid ounces per 100 pounds of cementitious content). The 
fresh property results for Mix 575(b) are listed in Table 34. 
Based on the results from 575(b), the amounts of air entrainment and water reducer for 
Mix 620(b) were both increased prior to mixing. The dosage of air entrainment was 1.08 fluid 
ounces per 100 pounds of cementitious content, and the water reducer was 4.42 fluid ounces 
per 100 pounds of cementitious content. The results for Mix 620(b) can be found in Table 34. 
Based on the results from 620(b), the amounts of air entrainment and water reducer for Mix 
620-35 were both increased prior to mixing. The dosage of air entrainment was 1.18 fluid 
ounces per 100 pounds of cementitious content, and the water reducer was 4.7 fluid ounces per 
100 pounds of cementitious content. The results for Mix 620-35 are seen in Table 34. The 
increase in air entrainment and water reducer had a direct effect on the fresh properties of Mix 
620-35. 
 
Table 34. Trial Batch (Round 2) Fresh Properties 
Mix Slump (in) Air Content (%) 
575(b) 3/4 5.2 
620(b) 3/4 5.4 
620-35 2-1/8 7 
 
The compressive strength results are shown in Table 35 and demonstrate that with a 
lower air content, the compressive strength can be significantly improved. All three trial batch 
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mixes met the 14-day compressive strength requirement of 3500 psi. The higher cementitious 
content of Mix 620(b) resulted in a higher compressive strength relative to Mix 575(b). Also, 
increasing the FRAP from 20% to 35% in Mix 620-35 resulted in a lower compressive strength.  
 
Table 35. Compressive Strength Results for Trial Batch (Round 2) Mixes 
Mix Day 
Compressive Strength (psi) Average 
(psi) 1 2 3 
575(b) 
(20% FRAP) 
7 4324 4457 4667 4483 
14 5196 5464 5615 5425 
28 5709 5709 6236 5885 
620(b) 
(20% FRAP) 
7 5070 4472 4850 4798 
14 5530 6203 5473 5735 
28 6030 6929 7346 6768 
620-35 
(35% FRAP) 
7 3426 3423 3395 3414 
14 4180 3900 4189 4089 
28 5149 5182 5190 5174 
 
3.5.3 UIUC Trial Batches (Round 3) 
The third round of trial batches examined the 50% FRAP mixes as well as a 35% FRAP 
at a lower cementitious content. The 50% FRAP mixes were tested at a higher cementitious 
content (620 and 650 lb/yd3) since it was expected that more cement would be needed for the 
mixture strength. The 50% mixes are called 620-50 and 650-50. The 35% FRAP mix had the 
lowest permissible amount of cementitious (577 lb/yd3) and was called Mix 575-35. All third-
round trial mix designs can be found in Table 36. The water-cement ratio was 0.37 for all mixes 
except 650-50, which had a ratio of 0.35. The w/cm ratio was lowered to determine whether Mix 
650-50 would affect the strength relative to the w/cm of 0.37. The water-reducer dosages were 
as follows (fluid ounces per 100 pounds of cementitious content): 4.5 (575-35), 4.25 (620-50), 
and 4.5 (650-50). The air-entrainment dosages were as follows (fluid ounces per 100 pounds of 
cementitious content): 1.1 (575-35), 1.1 (620-50), and 1.12 (650-50). The concrete fresh 
properties are listed in Table 37. The slump values were more consistent between mixes, and 
the air content was more controlled but still varied between mix variations. The unit weight 
decreased with the higher FRAP content mixes. The compressive strength results can be found 
in Table 38. All mixes met the 3500 psi requirement at 14 days.  
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Table 36. Mix Designs for Trial Batches (Round 3) 
 
 
Table 37. Trial Batch (Round 3) Fresh Properties 
Mix 575-35 620-50 650-50 
Slump (in) 2-1/8 2-1/8 2.5 
Air Content (%) 6.2 5.8 7.6 
Unit Weight (lb/ft
3
) 146.0 144.6 143.0 
 
Table 38. Compressive Strength Results for Trial Batch Mixes (Round 3)  
Mix Day 
Compressive Strength (psi) Average 
(psi) 1 2 3 
575-35 
(35% FRAP) 
7 3306 3204 3265 3259 
14 4238 4137 4036 4137 
28 4641 5078 4641 4787 
620-50 
(50% FRAP) 
7 2867 3039 2889 2932 
14 3909 3553 3969 3810 
28 4704 4688 4543 4645 
650-50 
(50% FRAP) 
7 2630 2793 2812 2745 
14 3511 3682 3668 3620 
28 4247 3909 3925 4027 
 
3.5.4 Trial Batch Conclusions 
The trial batches demonstrated that a slightly higher cementitious content may be 
required, as particularly seen with the 50% FRAP mixes in Round 3. Therefore, a final 
cementitious content of 630 lb/yd3 was chosen (as previously seen in Table 26 and Table 28), 
which was also based on the S.T.A.T.E. Testing results. Similarly a w/cm ratio of 0.37 was 
selected even for the 50% FRAP mixes. The final air-entrainment dosage, as a result of the trial 
batch results, was 1.15 fluid ounces per 100 pounds of cementitious. Given that the coarse 
FRAP particles appeared to increase the slump, variable dosages of water-reducer dosages 
were selected based on the FRAP replacement. The final dosage ranged from 4 to 4.5 fluid 
  Mix 575-35 Mix 620-50 Mix 650-50 
Cement 375.05 393.25 412.1 
Slag 144.25 151.25 158.5 
Fly Ash 57.7 75.6 79.3 
Total 
Cementitious 
577 620.125 649.85 
Total Coarse 
Aggregate (SSD) 
1862.6 1849.0 1849.0 
FRAP (SSD) 651.9 924.5 924.5 
Dolomite (SSD) 1210.7 924.5 924.5 
Sand (SSD) 1273.3 1192.7 1165.6 
Water 211.5 227.3 227.8 
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ounces per 100 pounds cementitious. One final set of trial batches was made to test the 
compressive strength of the mixes in Table 28 (see Section 4.2.1).  
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CHAPTER 4 CONCRETE FRESH AND HARDENED PROPERTIES  
 
Using the final concrete mix designs listed in Table 28, four concrete mixes were 
evaluated for fresh and hardened properties at coarse FRAP contents of 0%, 20%, 35%, and 
50%. The fresh properties evaluated were slump, air content, and unit weight. The hardened 
properties evaluated were strength (compressive, split tensile, and flexural), modulus of 
elasticity, dynamic modulus, free drying shrinkage, restrained ring shrinkage, rapid chloride 
penetration, freeze/thaw durability, and fracture properties. The aggregates were also evaluated 
for alkali-silica reactivity. Finally, in a secondary study, “dirty” FRAP particles (unwashed FRAP) 
were batched and tested for fresh and strength properties.  
 
4.1 FRESH PROPERTIES 
 The air content, slump, and unit weight was measured for each mix (see Table 39). Due 
to the large volume of concrete required to make all specimens, individual batches were mixed 
for a given set of specimens to be tested. Each section of hardened properties will display the 
fresh properties of the mix used to make those specimens. The overall general trend seen in the 
mixes was that for a given fixed air-entrainment dosage, the air content was relatively 
unaffected, although it was seen that the air content may increase as the FRAP content 
increases. The concrete slump values increased with higher FRAP content even with a 
decrease in water-reducing admixture dosage. The increased workability may have also 
increased the air content since the air-entrainment admixture used can increase the air content 
at higher slump values. In general, the unit weight decreased as the FRAP content increased, 
which is due to the FRAP having a lower specific gravity than the virgin coarse aggregate.  
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Table 39. Summary of All Fresh Properties for Each Mix 
Mix FRAP 
Air Content 
(%) 
Slump 
(in) 
Unit 
Weight 
(lb/ft
3
) 
Air 
Entrainment 
Dosage
1 
Water 
Reducer 
Dosage
1 
Fly Ash 
Type 
Trial Compressive 
0% 7.9 2-1/4 143.2 1.15 4.5 Fly Ash 1 
20% 7.4 2-1/4 142.4 1.15 4.5 Fly Ash 1 
35% 7.5 4.5 141.0 1.15 4.5 Fly Ash 1 
50% 7.0 4.5 141.6 1.15 4.5 Fly Ash 1 
Split Tension 
0% 4.2 1.5 150.6 1.05 4.25 Fly Ash 1 
20% 5.4 2 147 1.15 4.25 Fly Ash 1 
35% 5.8 2.5 145.2 1.25 4.25 Fly Ash 1 
50% 6.4 2 143.8 1.25 4.25 Fly Ash 1 
Flexural 
0% 6.6, 6.3, 7.4 2-3/4 144.6 1.15 4.5 Fly Ash 3 
20% 5.6, 6.2, 7.0 1-3/4 142 1.2 4.3 Fly Ash 2 
35% 6.5, 6.2, 5.8 2.5 141.2 1.15 4.25 Fly Ash 2 
50% 7.6, 7.2, 7.2 5 134 1.2 4.25 Fly Ash 2 
Early Free Shrinkage 
0% 7.2 4 141 1.15 4.4 Fly Ash 2 
20% 6.6 5 141.4 1.15 4.2 Fly Ash 2 
35% 7.5 5.5 138 1.2 4 Fly Ash 2 
50% 6.4 3 141.2 1.2 4 Fly Ash 2 
Restrained Ring and 
Rapid Chloride 
Penetration Test 
(RCPT) 
0% 7.0 2-1/4 143 1.15 4.5 Fly Ash 3 
50% 7.2 5.5 137.8 1.2 4.3 Fly Ash 2 
Dynamic Modulus 
0% 5.9 2-1/4 145 1.05 4.4 Fly Ash 2 
20% 6.6 3-3/4 142.2 1.05 4.3 Fly Ash 2 
35% 6.0 3.5 140.2 1.15 4.25 Fly Ash 2 
50% 7.4 5.5 134.6 1.15 4.2 Fly Ash 2 
AASHTO Shrinkage, 
Fracture Test, RCPT 
(20%) 
0% 6.20 2.5 143 1.15 4.4 Fly Ash 3 
20% 6.60 3-1/4 141.4 1.15 4.3 Fly Ash 3 
Compressive 
Freeze/Thaw, Elastic 
Modulus (0%, 20%) 
0% 6.8 3 145.2 1.15 4.4 Fly Ash 3 
20% 7.4 3 143.2 1.15 4.3 Fly Ash 3 
35% 6.8 3.25 140.4 1.15 4.25 Fly Ash 3 
50% 7.9 4.25 136.8 1.15 4.2 Fly Ash 3 
Elastic Modulus (35%, 
50%), AASHTO 
shrinkage, RCPT 
(35%), Fracture Test 
35% 7.7 4 140.8 1.15 4.25 Fly Ash 3 
50% 7.5 4 140.2 1.15 4.2 Fly Ash 3 
1
 In fluid ounces per 100 pounds of cementitious 
 
4.1.1 Hardened Air Void Analysis 
The target air content was 6.5%, which was obtained by the majority of mixes, as seen 
in Table 39. To confirm the air void system, a hardened air void analysis was conducted by CTL 
Group according to ASTM C457, Procedure B (2010). The analysis was conducted on 
freeze/thaw prisms after 300 cycles of testing was complete. The fresh properties of the 
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freeze/thaw prisms are shown later, in Table 67. A section from the center of the prism was 
sliced, polished, and then analyzed using the modified point-count method. The results are 
shown in Table 40. 
 
Table 40. Hardened Air Void Analysis Results by ASTM C457 
FRAP 
Content 
(%) 
Sample 
Number 
Total Air 
Content 
(%) 
Spacing 
Factor (in) 
Specific 
Surface 
(in
2
/in
3
) 
Number 
of Voids 
per Inch 
Paste 
Content 
(%) 
Paste-
Air Ratio 
0 2 7.3 0.004 885 16.0 24.4 3.4 
20 2 8.7 0.003 713 15.5 20.0 2.3 
35 3 9.0 0.004 703 15.7 22.6 2.5 
50 3 9.2 0.003 815 18.7 24.2 2.6 
 
As can be noted in Table 40, the total air content appears to increase with increasing 
FRAP content, which is a trend that was also noted with fresh property tests. Additionally, it can 
be seen that the hardened air void analysis resulted in higher air contents than what was 
determined by the fresh concrete tests (see Table 41). The increase in hardened concrete air 
content versus fresh concrete is not significant for the control (0% FRAP) mix, but the difference 
is much more evident in the concrete with FRAP, particularly with 35% FRAP. The reason for a 
higher hardened concrete air content is unknown, but possible reasons are due to the 
freeze/thaw testing and/or due to the presence of FRAP in the concrete. However, such 
discrepancies between fresh and hardened air void from the same concrete mixture have been 
noted previously with plain concrete in the literature:  
 Jana (2007) examined five different concretes with fresh concrete air contents ranging 
from 2% to 10%. With three of the five concretes, the hardened air content was higher 
than the fresh concrete by 13% to 23%, while one sample had a lower air content by 9%, 
and the final sample had the same air content.  
 Ozyildirim (1991) did not find a practical difference between the fresh and hardened 
concrete air content. 
 Khayat and Nasser (1991) found fresh concrete air content (by pressure meter) to be 
typically higher than the hardened concrete air content.   
 
Table 41. Comparison of Fresh and Hardened Air Content 
FRAP 
Content 
(%) 
Fresh 
Concrete Air 
Content (%) 
Hardened 
Concrete Air 
Content (%) 
Percent Increase 
in Air Content 
from Fresh to 
Hardened (%) ASTM C231 ASTM C457 
0 6.8 7.3 7 
20 7.4 8.7 18 
35 6.8 9.0 32 
50 7.9 9.2 16 
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4.2 STRENGTH PROPERTIES 
The concretes at each of the four FRAP replacements were evaluated for compressive, 
split tensile, and flexural strengths. Three replicates were tested for each strength measurement 
at each testing age. The compressive strength, evaluated according to AASHTO T22 (2007), 
used cylindrical specimens measuring 4 inches in diameter by 8 inches in height. The 
specimens were tested for the peak load (P), which can be converted to the compressive 
strength (σc), according to Equation 2, where D is the diameter of the specimen (4 inches): 
   
 
 
  
 
             
 The split tensile strength was determined using cylindrical specimens, also measuring 4 
inches by 8 inches, according to AASHTO T198 (2009). The peak load was measured and 
converted to the split tensile strength (σsp) by Equation 3, where L is the length of the specimen 
(8 inches): 
    
  
   
             
For the flexural strength testing, by AASHTO T97 (2003), beams were cast that 
measured 6 inches in width by 6 inches in depth by 21 inches in length. The tested span length 
was 18 inches, and the strength was calculated for third-point (four-point) loading, where the 
loading was applied at one-third the span length, or 6 inches, as seen in Figure 7. The flexural 
strength, or modulus of rupture (MOR), is measured from the peak load (P), the span length (l, 
18 inches), the beam width (b), and the beam depth (d), as shown in Equation 4. After the beam 
fractured, the cross-sectional area of the fracture surface was measured to obtain the 
dimensions of b and d.  
    
  
   
             
 
 
Figure 7. Schematic of the beam configuration for flexural strength testing.  
 
4.2.1 Trial Compression 
The trial compression tests were the first set of concrete batches to use the finalized mix 
design (shown previously in Table 28) after the UIUC trial batches discussed in Section 3.5. The 
fresh properties of these mixes can be found in Table 42. These mixes were evaluated for 
compressive strength at 7, 14, and 28 days, as seen in Table 43. These mixes were used to 
determine whether the mix design was feasible. Since the 14-day compressive strengths were 
near the 3500 psi requirement, it was concluded that the mix design was successful, and the 
remainder of the specimens were prepared for casting.  
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Table 42. Trial Compression Fresh Properties 
FRAP 
Content 
(%) 
Air Content 
(%) 
Slump 
(in) 
Unit Weight 
(lb/ft
3
) 
0 7.9 2-1/4 143.2 
20 7.4 2-1/4 142.4 
35 7.5 4.5 141.0 
50 7.0 4.5 141.6 
 
Table 43. Compressive Strength for the Trial Compression Mixes 
Mix Day 
Peak Load (lb) Strength (psi) Average 
(psi) 1 2 3 1 2 3 
0% 
FRAP 
7 41449 37652 39491 3298 2996 3143 3146 
14 56953 51870 51673 4532 4128 4112 4257 
28 64645 67414 66030 5144 5365 5255 5254 
20% 
FRAP 
7 39214 41370 40381 3121 3292 3213 3209 
14 49774 48311 N/A 3961 3844 N/A 3903 
28 57922 66049 55825 4609 5256 4442 4769 
35% 
FRAP 
7 32253 35694 35872 2567 2840 2855 2754 
14 39175 40144 38245 3117 3195 3043 3118 
28 55390 52740 57724 4408 4197 4594 4399 
50% 
FRAP 
7 33637 37118 35694 2677 2954 2840 2824 
14 42912 41785 43664 3415 3325 3475 3405 
28 51356 55430 56636 4087 4411 4507 4335 
 
4.2.2 Compressive Strength 
The final compressive strength of the four FRAP concretes was measured at 3, 7, 14, 
28, and 90 days. The fresh properties of these mixes are found in Table 44 while the 
compressive strength values can be found in Table 45. As can be seen, the compressive 
strength decreases as the FRAP content increases, regardless of testing age, as shown in 
Figure 8. As expected, the compressive strength increased with age for all mixes. The 0%, 20%, 
and 35% FRAP mixes all met the 3500 psi strength requirement at 14 days, with the 50% FRAP 
mix being slightly below (0.3%) the requirement. However, the 3500 psi requirement is 
sufficiently surpassed at 28 and 90 days for the 50% FRAP mix.  
 
Table 44. Fresh Properties of the Compressive Strength Specimens 
FRAP 
Content 
(%) 
Air Content 
(%) 
Slump (in) 
Unit Weight 
(lb/ft
3
) 
0 6.8 3 145.2 
20 7.4 3 143.2 
35 6.8 3-1/4 140.4 
50 7.9 4-1/4 136.8 
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Table 45. Compressive Strength Results 
Mix Age 
Peak Load (lb) Strength (psi) Average 
(psi) 1 2 3 1 2 3 
0% 
FRAP 
3 37415 38344 36149 2977 3051 2877 2968 
7 47836 53037 51198 3807 4221 4074 4034 
14 70163 65357 70321 5583 5201 5596 5460 
28 85627 85152 81039 6814 6776 6449 6680 
90 98402 90393 929341 7831 7193 73951 7473 
20% 
FRAP 
3 30869 31620 30988 2456 2516 2466 2480 
7 44217 41607 40124 3519 3311 3193 3341 
14 58515 59444 56340 4656 4730 4483 4623 
28 67315 67394 68545 5357 5363 5455 5391 
90 73604 81711 741482 5857 6502 59002 6087 
35% 
FRAP 
3 29267 31027 30375 2329 2469 2417 2405 
7 43406 44277 41508 3454 3523 3303 3427 
14 52879 45878 47184 4208 3651 3755 3871 
28 61204 57763 59899 4870 4597 4767 4745 
90 68165 71369 68719 5424 5679 5468 5524 
50% 
FRAP 
3 26281 26518 27922 2091 2110 2222 2141 
7 37929 38324 35714 3018 3050 2842 2970 
14 45542 43327 42675 3624 3448 3396 3489 
28 49972 48825 54085 3977 3885 4304 4055 
90 60255 58871 59009 4795 4685 4696 4725 
1
 A fourth extra specimen was tested; this value is the average of the third and fourth cylinders. Results: 
peak load 97729 and 88138 lb, strength 7777 and 7014 psi 
2
 A fourth extra specimen was tested; this value is the average of the third and fourth cylinders. Results: 
peak load 73109 and 75186 lb, strength 5818 and 5983 psi 
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Figure 8. Compressive strength results for each FRAP content at various ages. 
  
Examining the percent decrease in compressive strength with age (Figure 9), it can be 
seen that the 20% FRAP mix typically results in a 15% to 20% reduction in compressive 
strength versus the control (0% FRAP) mix. Similarly, the 35% FRAP mix results in a reduction 
of 15% to 30% and the 50% FRAP mix results in a 25% to 40% reduction. It appears as though 
the compressive strength reductions are not as severe at early ages (3 and 7 days) versus later 
ages (>14 days). In particular, the compressive strengths for the 20% and 35% FRAP mixes are 
relatively similar at early ages (3 and 7 days).  
 
0 
1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
0 10 20 30 40 50 60 70 80 90 100 
C
o
m
p
re
ss
iv
e
 S
tr
e
n
gt
h
 (
p
si
) 
Testing Age (days) 
0% 
20% 
35% 
50% 
42 
 
 
Figure 9. Percent reduction in compressive strength with FRAP  
content relative to the control mix (0% FRAP).  
 
4.2.3 Split Tensile Strength 
The split tensile strength specimens were some of the earliest specimens cast in the 
laboratory study, and, as a result, the air contents were somewhat lower, as seen in Table 46, 
since the correct air-entrainment dosage was still being determined. The split tensile strength 
was reported at 3, 7, 14, 28, and 90 days as the average of three specimens, as seen in Table 
47. In general, the split tensile strength decreased as the FRAP content increased, as 
demonstrated in Figure 10. The differences in strength are more evident at later ages (e.g., 90 
days), but at earlier ages, in particular 3, 7, and 14 days, the strengths for the 35% and 50% 
FRAP mixes were similar.  
 
Table 46. Fresh Properties of the Split Tensile Strength Specimens 
FRAP 
Content (%) 
Air Content 
(%) 
Slump (in) 
Unit Weight 
(lb/ft
3
) 
0 4.2 1.5 150.6 
20 5.4 2 147.0 
35 5.8 2.5 145.2 
50 6.4 2 143.8 
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Table 47. Split Tensile Strength Results 
FRAP 
Amount 
Day 
Peak Load (lb) 
Split Tensile Strength 
(psi) Average 
(psi) 
1 2 3 1 2 3 
0% 
3 24857 20764 n/a 495 413 n/a 454 
7 30533 27428 29880 607 546 594 583 
14 35378 30434 30671 704 605 610 640 
28 52760 46511 40144 1050 925 799 925 
90 45839 39629 39511 912 788 786 829 
20% 
3 15325 14297 n/a 305 284 n/a 295 
7 26538 26360 22385 528 524 445 499 
14 26419 24996 24303 526 497 483 502 
28 35397 33637 33400 704 669 664 679 
90 36129 37474 36030 719 746 717 727 
35% 
3 12260 11964 11924 244 238 237 240 
7 17738 15721 14594 353 313 290 319 
14 19755 19933 21792 393 397 434 408 
28 28100 25549 21199 559 508 422 496 
90 32036 28951 26677 637 576 531 581 
50% 
3 12952 12616 13585 258 251 270 260 
7 13308 15820 15820 265 315 315 298 
14 23236 22623 19221 462 450 382 432 
28 20170 23987 22721 401 477 452 443 
90 29346 28081 20487 584 559 408 517 
 
44 
 
 
Figure 10. Split tensile strength of the concrete with FRAP. Error bars depict the  
standard deviation of the three specimens tested.  
 
The reduction in split tensile strength with age is plotted in Figure 11. The percent 
reduction in indirect tensile strength versus the control (0% FRAP) mix was somewhat more 
variable than age for the split tensile specimens compared to the compressive strength (Figure 
9). The reduction in split tensile strength when replacing 20% of the coarse aggregate with 
FRAP was on the order of about 10% to 35%. The reduction with 35% FRAP was around 30% 
to 50%, and with 50% FRAP the reduction was about 30% to 55%.  
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Figure 11. The percent reduction in the split tensile strength relative to the  
control (0% FRAP) mix. 
 
Images of the 28-day fracture faces of the split tension specimens can be found in 
Figure 12, Figure 13, Figure 14, and Figure 15. The 0% FRAP specimen in Figure 12 had a few 
large voids that are approximately 4 mm in diameter. The failure crack propagated through 
nearly all of the virgin coarse aggregates. The blue-green color of the concrete is due to the use 
of slag. Slag contains sulfide ions, which, when combined with metals ions that are not fully 
oxidized (commonly iron), will result in a discolored concrete appearance.  
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Figure 12. The 0% FRAP split tension specimen failure surfaces at  
28 days. This specimen had a split tensile strength of 799 psi. 
 
The 20% FRAP split tension specimen can be seen in Figure 13. Similar to the 0% 
FRAP specimen (Figure 12), the failure crack propagated through the virgin coarse aggregates. 
The crack also propagated either around the FRAP particles or through the asphalt film of the 
FRAP particle. The failure crack propagated through only a few of the coarse FRAP particles 
seen in Figure 13.  
 
 
 
Figure 13. The 20% FRAP split tension specimen failure surfaces  
at 28 days. This specimen had a split tensile strength of 704 psi.  
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The 35% and 50% FRAP specimens can be seen in Figure 14 and Figure 15, 
respectively. As with the 20% FRAP specimen, there are few coarse FRAP particles through 
which the failure crack propagated. One interesting feature that can be seen in the higher FRAP 
content specimens is that the FRAP particles tend to accumulate in certain regions (i.e., the 
FRAP particles do not seem to be evenly distributed, which may account for the somewhat 
more variable strength behavior).  
 
 
Figure 14. The 35% FRAP split tension specimen failure surfaces at  
28 days. This specimen had a split tensile strength of 508 psi. 
 
 
Figure 15. The 50% FRAP split tension specimen failure surfaces at  
28 days. This specimen has a split tensile strength of 452 psi. 
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4.2.4 Flexural Strength 
The fresh properties of the concrete used to test flexural strength can be found in Table 
48. Three batches of concrete were made to create all nine beams for each mix, so the air 
content of each mix batched is shown in Table 48. The flexural strength was measured at 14, 
28, and 90 days, averaging three beams at each age, as reported in Table 49. As seen in 
Figure 16, the flexural strength decreased with the addition of FRAP to the concrete, although 
the 35% FRAP mix resulted in an unexpectedly higher strength than the 20% FRAP mix at later 
ages. The coefficient of variation was smaller (>5%) for the mixes with FRAP versus the control 
(0% FRAP) mix. For paving concrete, IDOT (2012) requires a minimum flexural strength (by 
center-point loading) of 650 psi at 14 days. While center-point loading results in a higher flexural 
strength value, it is perhaps not as representative of the concrete’s flexural capacity since 
center-point loading causes shear forces and stress concentrations at the center load 
application point (Mindess et al. 2003). A difference in strength of about 15% between center-
point loading and third-point loading is not uncommon (Ozyildirim and Carino 2006). Assuming a 
conservative 15% difference, the IDOT minimum flexural strength by third-point loading is 
assumed to be about 570 psi. As can be seen at 14 days in Figure 16, all four FRAP mixes are 
expected to meet the minimum requirement.  
 
Table 48. Fresh Properties for the Flexural Strength Concrete 
FRAP 
Content (%) 
Air Content (%) Slump (in) 
Unit Weight 
(lb/ft
3
) 
0 6.6, 6.3, 7.4 2-3/4 144.6 
20 5.6, 6.2, 7.0 1-3/4 142.0 
35 6.5, 6.2, 5.8 2-1/2 141.2 
50 7.6, 7.2, 7.2 5 134.0 
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Table 49. Flexural Strength Results 
Mix 
Age 
(days) 
Span 
Length, 
L (in) 
Beam 
Width, 
b (in) 
Beam 
Depth, 
d (in) 
Peak 
Load, P 
(lb) 
MOR 
(psi) 
Average 
MOR (psi) 
0% 
FRAP 
14 18 6.19 6.13 9788.8 759.1 
746 14 18 6.13 6.13 9175.7 718.8 
14 18 6.13 6.13 9709.7 760.6 
28 18 6.25 6.13 9610.8 737.8 
857 28 18 6.13 6.13 11924.0 933.1 
28 18 6.25 6.19 11983.0 901.4 
90 18 6.25 6.13 12043.0 924.5 
905 90 18 6.13 6.13 12023.0 941.8 
90 18 6.25 6.19 11271.0 847.9 
20% 
FRAP 
14 18 6.25 6.06 9017.5 706.6 
714 14 18 6.25 6.13 9472.4 727.2 
14 18 6.25 6.13 9215.3 707.4 
28 18 6.13 6.13 9215.3 721.9 
735 28 18 6.13 6.06 9393.3 751.1 
28 18 6.25 6.13 9531.7 731.7 
90 18 6.19 6.06 9769.0 773.2 
759 90 18 6.13 6.06 9037.3 722.6 
90 18 6.19 6.13 10085.0 782.0 
35% 
FRAP 
14 18 6.25 6.06 8602.2 674.1 
672 14 18 6.25 6.13 9017.5 692.3 
14 18 6.25 6.13 8444.0 648.2 
28 18 6.25 6.06 9749.2 763.9 
779 28 18 6.25 6.06 9709.7 760.8 
28 18 6.13 6.06 10164.0 812.7 
90 18 6.25 6.13 10421.0 800.0 
816 90 18 6.13 6.13 10461.0 819.5 
90 18 6.13 6.13 10579.0 828.7 
50% 
FRAP 
14 18 6.25 6.00 7376.2 590.1 
598 14 18 6.25 6.13 7732.1 593.6 
14 18 6.25 6.13 7969.4 611.8 
28 18 6.13 6.00 7079.5 577.9 
577 28 18 6.13 6.00 6980.7 569.9 
28 18 6.13 6.00 7158.6 584.4 
90 18 6.25 6.13 8088.1 620.9 
606 90 18 6.25 6.13 8107.9 622.4 
90 18 6.25 6.13 7475.0 573.8 
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Figure 16. Flexural strength of the concrete with FRAP. Error bars depict the standard  
deviation of the three specimens tested. 
 
The percent reduction in flexural strength versus the control (0% FRAP) mix is shown in 
Figure 17. Larger decreases are evident at later ages versus earlier ages due to the 
improvement in the virgin aggregate-paste bond in the control mix. With 20% FRAP, the 
reduction in flexural strength is around 4% to 16%, and with 35% FRAP, the reduction is about 
9% to 10%. Additionally, the 50% FRAP mix resulted in a reduction of around 19% to 33%.  
 
 
Figure 17. The percent reduction in the flexural strength relative to the  
control (0% FRAP) mix. 
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The fracture surfaces of the flexural beams can be found in Figure 18. It is evident that 
more aggregates were fractured under flexural loading, indicating acceptable bond strength 
between the paste and the virgin coarse aggregate. With the FRAP, few particles were 
fractured, with the exception of those with an exposed face or a thin coating of asphalt. More 
fully-fractured FRAP particles can be seen under flexural loading versus split tensile loading.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 18. Images of the flexural fracture surface at 14 days for (a) 0% FRAP (901 psi), (b) 20% 
FRAP (707 psi), (c) 35% FRAP (692 psi), and (d) 50% FRAP (612 psi). 
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4.2.5 Strength Relationships  
Relationships can be drawn between the various strength properties of the concrete 
containing FRAP. The ratio of split tensile strength to compressive strength (σsp/σc) is typically 
around 8% to 14%, and the ratio of flexural strength to compressive strength (MOR/σc) ranges 
from 11% to 23% for normal concrete (Mindess et al. 2003). In general, the ratio of split tensile 
strength to compressive strength (Figure 19) is reduced when FRAP is added to the concrete. 
There does not appear to be a clear trend in the behavior as the FRAP content increases. 
However, it is consistently clear that the 35% FRAP mix has the lowest ratio of split tensile 
strength to compressive strength. Overall, the ratio of split tensile strength to compressive 
strength is within the typical range of 8% to 14%. The ratio is similar across all FRAP contents 
at later ages (90 days), ranging from about 10% to 12%.  
 
 
Figure 19. The ratio of split tensile strength to compressive strength with concrete age. 
 
The relationship between flexural strength and compressive strength is seen in Figure 
20. The ratio appears to increase slightly with the addition of FRAP. The 35% FRAP mix 
appears to have a consistently higher ratio, likely due to the higher flexural strength (see Figure 
16, shown previously) compared to the 20% and 50% FRAP mixes. Overall, the ratio of flexural 
strength to compressive strength also falls into the typical range of 11% to 23%. The ratio also 
appears to decrease across all FRAP contents as the age increases.  
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Figure 20. The ratio of flexural strength to compressive strength with concrete age. 
 
4.3 ELASTIC AND DYNAMIC MODULUS 
4.3.1 Elastic Modulus 
The concrete modulus of elasticity (MOE) was measured at 28 days using a cylindrical 
specimen measuring 6 inches in diameter by 12 inches in height. The testing method followed 
ASTM C469 (2010). The fresh properties of the MOE samples can be found in Table 50. The 
testing method utilized a compressometer attached to the cylinder (Figure 21), which had an 
electronic strain gage to continuously measure the longitudinal strain and transverse strain 
multiple times per second. Simultaneously with the strains, the testing machine recorded the 
compressive load applied to the cylinder. The data from the longitudinal strain gage was used to 
determine the MOE, and the transverse strain data was intended for the calculation of the 
Poisson ratio. However, the transverse strain data was not reliable enough for a Poisson ratio 
calculation.  
 
Table 50. Fresh Properties for the MOE Samples 
FRAP 
Content (%) 
Air Content 
(%) 
Slump 
(in) 
Unit Weight 
(lb/ft
3
) 
0 6.8 3 145.2 
20 7.4 3 143.2 
35 7.7 4 140.8 
50 7.5 4 140.2 
 
 
 
 
 
 
1
3
.7
%
 
1
2
.8
%
 
1
2
.1
%
 
1
5
.4
%
 
1
3
.6
%
 
1
2
.5
%
 
1
7
.3
%
 
1
6
.4
%
 
1
4
.8
%
 1
7
.2
%
 
1
4
.2
%
 
1
2
.8
%
 
0.00 
0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
14 28 90 
R
at
io
 o
f 
Fl
e
xu
ra
l t
o
 C
o
m
p
re
ss
iv
e
 S
tr
e
n
gt
h
 
Concrete Age (days) 
0% 
20% 
35% 
50% 
54 
 
The chord modulus of elasticity (E) was calculated as follows (Equation 5), where S2 is 
the stress at approximately 40% of the compressive strength, S1 is the stress at longitudinal 
strain ε1, and ε2 is the longitudinal strain at stress S2. According to ASTM C469 (2010), ε1 should 
be selected as 0.000050. 
  
     
     
 
     
           
             
To measure the MOE, the cylinder was loaded to approximately 50% to 60% of the ultimate 
load, and then the cylinder was unloaded. The cylinder was loaded at least twice to confirm the 
data and to make sure that the strain gages were recording acceptable data (these first two 
measurements were not used in the eventual MOE calculation). The cylinder was then loaded at 
least three more times to obtain the actual data from which the modulus of elasticity would be 
calculated. Once the cylinder was completely tested for modulus of elasticity data, it was loaded 
until failure to obtain the compressive strength. The stress S2 was determined based on 40% of 
the compressive strength of the same cylinder (see Table 51).  
 
 
Figure 21. The test configuration for concrete modulus of elasticity.  
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Table 51. Compressive Strength of the MOE Cylinders 
Mix Sample 
Compressive 
Strength (psi) 
40% Compressive 
Strength (psi) 
0% 
FRAP 
1 7006 2803 
2 6417 2567 
3 4727 1891 
20% 
FRAP 
1 3638 1455 
2 5419 2168 
3 5326 2130 
35% 
FRAP 
1 4349 1740 
2 4000 1600 
3 3835 1534 
50% 
FRAP 
1 4226 1690 
2 4112 1645 
3 4342 1737 
 
Based on the compressive strength data from Table 51, the MOE for each cylinder was 
calculated (see Table 52). The average of three load-unload iterations is also included in Table 
52. The average MOE for each mix is depicted in Figure 22. Clearly, the MOE decreased as the 
FRAP replacement increased. Based on average values, the addition of 20% FRAP reduces the 
MOE by 16%, and replacement with 35% and 50% FRAP reduces the MOE by 28% and 30%, 
respectively.  
 
Table 52. Modulus of Elasticity Values and Averages for Each Mix 
Mix Sample Modulus of Elasticity (psi) Average MOE (psi) 
0% 
FRAP 
1 6.70E+06 6.65E+06 6.64E+06 6.66E+06 
2 6.55E+06 6.55E+06 6.53E+06 6.55E+06 
3 6.11E+06 6.11E+06 6.10E+06 6.10E+06 
20% 
FRAP 
1 5.65E+06 5.61E+06 5.59E+06 5.62E+06 
2 5.40E+06 5.39E+06 5.38E+06 5.39E+06 
3 5.24E+06 5.29E+06 5.27E+06 5.27E+06 
35% 
FRAP 
1 4.50E+06 4.47E+06 4.48E+06 4.48E+06 
2 4.70E+06 4.64E+06 4.64E+06 4.66E+06 
3 4.79E+06 4.76E+06 4.72E+06 4.76E+06 
50% 
FRAP 
1 4.53E+06 4.19E+06 4.24E+06 4.32E+06 
2 4.60E+06 4.57E+06 4.57E+06 4.58E+06 
3 4.33E+06 4.69E+06 4.59E+06 4.54E+06 
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Figure 22. Average modulus of elasticity for each mix at 28 days.  
 
4.3.2 Dynamic Modulus 
The dynamic modulus was measured using a modified AASHTO TP62 (2007), in which 
a concrete specimen was substituted for the typical hot-mix asphalt specimen. A cylindrical 
concrete specimen was used, measuring 4 inches in diameter by 6 inches in height, which was 
cut from a typical 8-inch cylinder. New specimens were cut for each testing age. The fresh 
properties of the mix for the dynamic modulus specimens can be found in Table 53. The 
frequencies at which the dynamic modulus was determined were 25, 10, 5, 1, 0.5, and 0.1 Hz. 
Additionally, the dynamic modulus was measured at three different temperatures: 4°C, 21°C, 
and 54°C. Finally, the dynamic modulus was determined at 7 and 28 days.  
 
Table 53. Fresh Properties for the Dynamic Modulus Specimens 
FRAP 
Content 
(%) 
Air Content  
(%) 
Slump 
(in) 
Unit Weight 
(lb/ft
3
) 
0 5.9 2-1/4 145.0 
20 6.6 3-3/4 142.2 
35 6.0 3.5 140.2 
50 7.4 5.5 134.6 
 
Figure 23 contains the dynamic modulus for the concrete containing FRAP at 7 days. As 
can be seen, the dynamic modulus for the 0% and 20% mixes are somewhat similar. There was 
a clear problem with the 0% and 20% mixes at 25 Hz, as indicated by the significant decrease 
or increase in dynamic modulus at that frequency. This problem is attributed to the cylinder not 
being perfectly cut perpendicular to the sides of the cylinder, and with the high frequency 
combined with the stiff concrete, significant noise resulted and the calculated dynamic modulus 
was affected. The general trend is a decreasing dynamic modulus with increasing FRAP 
content. Excluding the 25 Hz results, at 4°C, the average decrease in dynamic modulus (at 7 
days) was 0%, 35%, and 47% for the 20%, 35%, and 50% FRAP replacements, respectively. At 
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21°C, the decreases were 5%, 34%, and 54% for the 20%, 35%, and 50% FRAP replacements, 
respectively. Finally, at 54°C, the decreases were 5%, 35%, and 54% for the 20%, 35%, and 
50% FRAP replacements, respectively. In general, the dynamic modulus reductions across the 
three temperatures were relatively consistent. In addition, the phase angle at 7 days is shown in 
Figure 24. The phase angles for the 0% and 20% FRAP at 25 Hz have been excluded because 
of noisy data, as previously mentioned. The phase angle is the angle between the sinusoidal 
applied peak stress and the resulting peak strain. A phase angle of 0° indicates a purely elastic 
material and a phase angle of 90° indicates a purely viscous material. As seen in Figure 24, the 
phase angle decreases slightly with the increasing frequency while the phase angle increases 
with increasing FRAP content, which indicates a concrete exhibiting more viscoelastic behavior.  
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(a) 
 
(b) 
 
(c) 
Figure 23. Dynamic modulus results at 7 days for each of the FRAP contents in  
concrete at (a) 4°C, (b) 21°C, and (c) 54°C. 
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(a) 
 
(b) 
 
(c) 
Figure 24. Phase angle results at 7 days for each of the FRAP contents in  
concrete at (a) 4°C, (b) 21°C, and (c) 54°C. 
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The dynamic modulus results at 28 days are shown in Figure 25. The results are more 
consistent than at 7 days, particularly at 25 Hz. As with 7 days, there is a clear trend of 
decreasing dynamic modulus with increasing FRAP replacement. Considering all frequencies, 
the average decrease in dynamic modulus at 4°C is 18%, 30%, and 45% for the 20%, 35%, and 
50% FRAP contents, respectively. At 21°C, the dynamic modulus reductions are 21%, 31%, and 
45% for the 20%, 35%, and 50% FRAP contents, respectively. Finally, at 54°C, the reductions 
are 21%, 33%, and 48% for the 20%, 35%, and 50% FRAP contents, respectively. As shown in 
Figure 26, the phase angle slightly decreases with an increase in testing frequency but 
increases with the increasing FRAP content in concrete. Comparing Figure 24 with Figure 26, 
the phase angle at 28 days is smaller than the phase angle at 7 days, given the same FRAP 
content, loading frequency, and temperature. This is expected because from 7 days to 28 days, 
the elastic modulus of concrete increases, so the viscoelastic influence of the FRAP on the 
concrete structure is reduced. 
Considering the effect of temperature at 28 days, as seen in Figure 27, temperature 
does not significantly affect the concrete dynamic modulus at these FRAP contents and 
concrete strengths. There is a small trend of decreasing concrete dynamic modulus with 
increasing testing temperature. The average difference in dynamic modulus for the 0% FRAP 
mix is 4% from 4°C to 54°C. From 4°C to 54°C, the average difference in dynamic modulus is 
7% for the 20% FRAP mix. Similarly, from 4°C to 54°C, the 35% FRAP mix had a difference of 
7% and the 50% FRAP mix had a difference of 8% (the 4°C and 21°C dynamic modulus values 
are approximately equal for the 50% FRAP mix at 28 days). Therefore, adding FRAP to normal-
strength concrete only slightly increases the temperature sensitivity of the dynamic modulus for 
up to 50% coarse FRAP replacement of the virgin coarse aggregates.  
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(a) 
 
(b) 
 
(c) 
Figure 25. Dynamic modulus results at 28 days for each of the FRAP contents  
in concrete at (a) 4°C, (b) 21°C, and (c) 54°C. 
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(a) 
 
(b) 
 
(c) 
Figure 26. Phase angle results at 28 days for each of the FRAP contents in concrete  
at (a) 4°C, (b) 21°C, and (c) 54°C.
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 27. Dynamic modulus values at 28 days for the (a) 0% FRAP, (b) 20% FRAP, (c) 35% FRAP, and (d) 50% FRAP  
mixes at three different temperatures 4C, 21C, and 54C. 
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4.3.3 Modulus Relationships 
Comparing the MOE and dynamic modulus at 28 days, the dynamic modulus 
typically resulted in higher values (see Figure 28). Generally, the dynamic modulus is more 
related to the initial tangent MOE rather than the chord MOE (Mindess et al. 2003). (The 
chord MOE was calculated in Section 4.3.1). Comparing the dynamic modulus at 21°C 
(which is nearest to the testing temperature for the MOE) and a low frequency (0.1 to 0.5 
Hz), the dynamic modulus is about 15% to 16% greater than the chord MOE for the 0% 
FRAP mix. Similarly, the dynamic modulus is greater than the chord MOE by about 6% to 
8% for the 20% FRAP mix and 9% to 11% for the 35% FRAP mix. The dynamic modulus 
was lower than the chord MOE for the 50% FRAP mix by about 9% to 11%. The reason for 
the lower dynamic modulus for the 50% FRAP mix is unknown, but it is perhaps due to the 
differences is specimen size between the two tests. Additionally, as shown in Figure 29, the 
dynamic modulus reduction relative to the 0% FRAP mix was greater than the elastic 
modulus reduction. 
 
 
Figure 28. Comparison of elastic to dynamic modulus at an age of 28 days.  
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Figure 29. Comparison of modulus reduction (relative to the 0% FRAP mix)  
at an age of 28 days.  
 
4.4 SHRINKAGE 
The shrinkage was measured for the concrete with FRAP using both the free 
shrinkage prism specimens and restrained ring shrinkage specimens. All shrinkage 
specimens were kept in a controlled environment room with the relative humidity held 
constant around 50% and the temperature at approximately 23°C. Three replicate 
specimens were cast and tested for each mix. Free shrinkage measurements were 
conducted twice, once by a modified version of AASHTO T160 (2009) in which the 
specimens were tested immediately after removal from molds and also by the procedure in 
AASHTO T160 in which the specimens were cured for 28 days prior to shrinkage testing. 
The free shrinkage prism specimens measured 3 inches in width and depth by 11.25 inches 
in length. Two gage studs were inserted into the mold at the ends of the concrete 
specimens, resulting in a gage length of 10 inches. The shrinkage was measured relative to 
a constant length reference bar. The shrinkage (S, by percent) is calculated as follows 
(Equation 7a), where Lc is the length of the concrete specimen, Lref is the length of the 
reference bar, and GL is the gage length (10 inches): 
     
       
  
                    
The shrinkage can also be reported in microstrain (Equation 7b): 
           
       
  
                   
 
The restrained ring specimens were tested according to AASHTO T334 (2008). The 
dimensions of the ring mold resulted in a concrete specimen with an outside diameter of 18 
inches, an inner diameter of 12 inches, and a height of 6 inches. The inner steel core had a 
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wall thickness of 0.5 inch. A cardboard column tube with an inside diameter of 18 inches 
was cut into 6-inch sections to serve as the outer ring mold. The AASHTO standard requires 
that the concrete ring remain bonded to the plate mold on the bottom of the ring and the top 
of the ring be sealed. This specimen test configuration results in circumferential drying with 
moisture lost only radially through the outer ring surface. The concrete was cast into the 
mold, and once the concrete was sufficiently set such that it would not be indented by burlap 
(which was a few hours), a layer of wet burlap was placed on top of the ring followed by a 
plastic sheet to mitigate evaporation. After 24 hours, the burlap and plastic were removed, 
followed by the removal of the outer cardboard ring mold. The top of the ring was then 
sealed with aluminum tape to prevent moisture loss. To measure the effect of shrinkage and 
creep, four quarter-bridge strain gages were circumferentially placed on the interior wall of 
the steel ring at an approximate height of 3 inches. The four gages (labeled A, B, C, and D) 
were approximately equidistant from each other. The output from each gage was 
continuously recorded every 10 minutes, starting once the ring was filled with concrete.  
   
4.4.1 Free Shrinkage: Early Age Drying 
In this modified free shrinkage measurement, the specimens were cast and covered 
with plastic for 24 hours and then removed from the molds. The specimens were 
immediately measured for the initial (zero) reading and then stored in the environmental 
controlled room and measured for shrinkage at concrete ages of 1, 3, 7, 14, 28, 56, and 90 
days. The fresh properties of the free shrinkage specimens are found in Table 54. The 
shrinkage data can be found in Table 55. As can be seen in Figure 30, the shrinkage strains 
were relatively consistent for all mixes up until 14 days. After 14 days, there was a 
malfunction in the environmental controls. The temperature of the room decreased (down to 
~16°C to 18°C), and the relative humidity increased (up to ~60%). The controls were fixed 
within a few days and were normal by 56 days. With the exception of the 20% FRAP mix, 
the free shrinkage appears relatively unaffected by the FRAP content. The average mass 
loss with shrinkage was also measured (Figure 31). The mass loss results, much like the 
free shrinkage strains, indicated there was not much difference in shrinkage between the 
concrete with and without coarse FRAP replacement.  
 
Table 54. Fresh Properties for the Early Free Shrinkage Specimens 
FRAP 
Content (%) 
Air Content 
(%) 
Slump 
(in) 
Unit Weight 
(lb/ft
3
) 
0 7.2 4 141.0 
20 6.6 5 141.4 
35 7.5 5-1/2 138.0 
50 6.4 3 141.2 
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Figure 30. Free shrinkage of each concrete mix with 24 hours of curing.  
 
 
Figure 31. Average mass loss with shrinkage for each mix after 24 hours of curing.  
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Table 55. Early Age Free Shrinkage Data 
 
 
4.4.2 AASHTO Free Drying Shrinkage 
The procedure described in AASHTO T160 (2009) was followed for the next free 
shrinkage specimens. After the specimens were cast and removed from molds after 24 
hours, they were immersed in lime-saturated water until an age of 28 days. At 28 days, the 
specimens were removed and measured for the initial (zero) reading and then stored in the 
environmental controlled room. The fresh properties for the specimens in the AASHTO free 
shrinkage test are shown in Table 56.  
 
 
1 2 3 Average 1 2 3 Average
1 0 0 0 0 0.00 0.00 0.00 0.00
2 -170 -90 -230 -163 -2.20 -2.14 -2.14 -2.16
4 -280 -160 -330 -257 -2.74 -2.67 -2.69 -2.70
7 -400 -350 -480 -410 -3.00 -2.92 -2.94 -2.95
14 -630 -520 -640 -597 -3.20 -3.11 -3.14 -3.15
28 -550 -460 -470 -493 -3.23 -3.14 -3.17 -3.18
56 -680 -520 -680 -627 -3.13 -3.02 -3.05 -3.07
90 -710 -500 -700 -637 -3.14 -3.03 -3.06 -3.08
1 0 0 0 0 0.00 0.00 0.00 0.00
2 -90 -100 -70 -87 -2.20 -2.11 -2.15 -2.15
4 -190 -170 -150 -170 -2.77 -2.65 -2.72 -2.71
7 -340 -240 -230 -270 -3.04 -2.90 -2.98 -2.97
14 -580 -490 -540 -537 -3.25 -3.11 -3.19 -3.18
28 -370 -330 -320 -340 -3.29 -3.14 -3.23 -3.22
56 -560 -380 -520 -487 -3.20 -3.05 -3.13 -3.13
90 -590 -550 -550 -563 -3.22 -3.08 -3.14 -3.15
1 0 0 0 0 0.00 0.00 0.00 0.00
2 -110 -100 -90 -100 -2.23 -2.19 -2.24 -2.22
4 -190 -200 -170 -187 -2.81 -2.78 -2.84 -2.81
7 -380 -380 -320 -360 -3.08 -3.06 -3.12 -3.09
14 -580 -590 -570 -580 -3.30 -3.29 -3.35 -3.31
28 -340 -590 -320 -417 -3.35 -3.33 -3.39 -3.36
56 -620 -600 -580 -600 -3.25 -3.24 -3.29 -3.26
90 -640 -630 -600 -623 -3.26 -3.25 -3.30 -3.27
1 0 0 0 0 0.00 0.00 0.00 0.00
2 -60 -70 -110 -80 -2.08 -2.12 -2.08 -2.10
4 -220 -210 -250 -227 -2.64 -2.69 -2.64 -2.66
7 -260 -360 -380 -333 -2.92 -2.98 -2.92 -2.94
14 -490 -570 -550 -537 -3.10 -3.16 -3.11 -3.12
28 -450 -430 -580 -487 -3.20 -3.26 -3.20 -3.22
56 -610 -610 -660 -627 -3.13 -3.19 -3.14 -3.15
90 -630 -600 -680 -637 -3.16 -3.22 -3.17 -3.19
0% 
FRAP
20% 
FRAP
Mass Loss (%)
35% 
FRAP
50% 
FRAP
Concrete 
Age (days)
Mix
Free Shrinkage (microstrain)
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Table 56. Fresh Properties for the AASHTO Free Shrinkage Specimens 
FRAP 
Content (%) 
Air Content 
(%) 
Slump  
(in) 
Unit Weight 
(lb/ft
3
) 
0 6.2 2-1/2 143.0 
20 6.6 3-1/4 141.4 
35 7.7 4 140.8 
50 7.5 4 140.2 
 
After the 28 days of curing, the shrinkage was measured at 1, 3, 7, 14, 28, 56, and 
90 days, which corresponds to the age of the concrete as 29, 31, 35, 42, 56, 84, and 118 
days. All data is presented in Table 57. The measured free shrinkage is shown in Figure 32 
and again did not indicate any clear trend with increasing FRAP content. The mass loss, 
shown in Figure 33, had the same range of loss measurements as in the previous free 
shrinkage tests (Figure 31); thus, no independent conclusions can be drawn. As expected, 
the free shrinkage specimens cured for only 24 hours had approximately 10% to 20% 
greater free shrinkage (Figure 30) than the AASHTO standard with 28 days of curing before 
drying (Figure 32). The reason for the increase in mass loss is unknown, but perhaps the 
concrete with FRAP has a more interconnected pore structure, allowing for greater moisture 
loss.  
 
 
Figure 32. Free shrinkage after curing for 28 days.  
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Figure 33. Mass loss due to shrinkage after curing for 28 days.  
 
-2.50% 
-2.25% 
-2.00% 
-1.75% 
-1.50% 
-1.25% 
-1.00% 
-0.75% 
-0.50% 
-0.25% 
0.00% 
28 48 68 88 108 128 
M
as
s 
Lo
ss
 (
%
) 
Concrete Age (days) 
0% 
20% 
35% 
50% 
71 
 
Table 57. Free Shrinkage Data after 28 Days of Curing 
 
 
Since the shrinkage results are similar at all FRAP contents (Figure 32), a t-test was 
performed on the data to determine whether the FRAP has a statistically significant effect on 
the AASHTO free drying shrinkage. The test was performed on all FRAP contents relative to 
the control (0% FRAP) results. A p-value of 0.05 was selected to determine statistical 
significance. The total degrees of freedom for each test was four since each FRAP content 
value had an average of three specimens. The results of the statistical analysis can be 
found in Table 58. In general, the shrinkage results are not statistically significant, with the 
exception of the 35% FRAP mix at later ages (56 and 90 days). An additional t-test on the 
mass loss of the shrinkage prisms (Table 59) revealed that the mass loss was 
predominantly statistically significant for all FRAP contents. 
 
1 2 3 Average 1 2 3 Average
28 0 0 0 0 0 0.00 0.00 0.00 0.00
29 1 -150 -190 -150 -163 -0.70 -0.66 -0.67 -0.68
31 3 -190 -260 -190 -213 -1.04 -0.98 -1.01 -1.01
35 7 -220 -320 -230 -257 -1.31 -1.23 -1.27 -1.27
42 14 -300 -380 -300 -327 -1.51 -1.42 -1.47 -1.47
56 28 -390 -490 -410 -430 -1.73 -1.63 -1.68 -1.68
84 56 -520 -570 -510 -533 -1.94 -1.84 -1.90 -1.89
118 90 -540 -570 -510 -540 -2.08 -1.97 -2.03 -2.03
28 0 0 0 0 0 0.00 0.00 0.00 0.00
29 1 -150 -160 -170 -160 -0.76 -0.78 -0.78 -0.77
31 3 -180 -190 -210 -193 -1.09 -1.13 -1.10 -1.10
35 7 -210 -240 -270 -240 -1.35 -1.38 -1.34 -1.36
42 14 -290 -300 -340 -310 -1.55 -1.58 -1.54 -1.56
56 28 -390 -400 -450 -413 -1.78 -1.78 -1.75 -1.77
84 56 -510 -510 -550 -523 -1.99 -1.98 -1.96 -1.98
118 90 -510 -510 -550 -523 -2.13 -2.11 -2.08 -2.10
28 0 0 0 0 0 0.00 0.00 0.00 0.00
29 1 -130 -120 -130 -127 -0.96 -0.97 -0.99 -0.97
31 3 -160 -150 -160 -157 -1.30 -1.31 -1.35 -1.32
35 7 -220 -190 -220 -210 -1.58 -1.59 -1.63 -1.60
42 14 -310 -300 -310 -307 -1.82 -1.83 -1.87 -1.84
56 28 -410 -380 -400 -397 -2.00 -2.02 -2.06 -2.03
84 56 -450 -430 -450 -443 -2.18 -2.19 -2.24 -2.21
90 62 -460 -440 -460 -453 -2.20 -2.21 -2.26 -2.23
118 90 -490 -470 -480 -480 -2.28 -2.28 -2.33 -2.30
28 0 0 0 0 0 0.00 0.00 0.00 0.00
29 1 -110 -150 -140 -133 -0.95 -0.93 -0.89 -0.92
31 3 -160 -190 -180 -177 -1.29 -1.26 -1.21 -1.25
35 7 -210 -260 -230 -233 -1.58 -1.53 -1.48 -1.53
42 14 -320 -350 -340 -337 -1.83 -1.78 -1.74 -1.78
56 28 -420 -450 -460 -443 -2.03 -1.98 -1.94 -1.98
84 56 -480 -500 -520 -500 -2.23 -2.17 -2.15 -2.18
90 62 -480 -510 -530 -507 -2.25 -2.20 -2.17 -2.21
118 90 -510 -540 -550 -533 -2.33 -2.28 -2.25 -2.29
Mass Loss (%)
0% 
FRAP
20% 
FRAP
35% 
FRAP
50% 
FRAP
Mix
Concrete 
Age (days)
Days in 
Shrinkage 
Room
Free Shrinkage (microstrain)
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Table 58. Statistical Significance Testing of the AASHTO Drying Shrinkage Specimens 
FRAP 
Content 
Concrete 
Age 
(days) 
Average 
Standard 
Deviation 
Pooled 
Standard 
Deviation (Sp) 
t-test p-value 
Statistically 
Significant? 
0% 
FRAP 
1 -163.3 23.1 — — — — 
3 -213.3 40.4 — — — — 
7 -256.7 55.1 — — — — 
14 -326.7 46.2 — — — — 
28 -430.0 52.9 — — — — 
56 -533.3 32.1 — — — — 
90 -540.0 30.0 — — — — 
20% 
FRAP 
1 -160.0 10.0 17.80 0.23 0.830 No 
3 -193.3 15.3 30.55 0.80 0.468 No 
7 -240.0 30.0 44.35 0.46 0.669 No 
14 -310.0 26.5 37.64 0.54 0.616 No 
28 -413.3 32.1 43.78 0.47 0.665 No 
56 -523.3 23.1 27.99 0.44 0.684 No 
90 -523.3 23.1 26.77 0.76 0.488 No 
35% 
FRAP 
1 -126.7 5.8 16.83 2.67 0.056 No 
3 -156.7 5.8 28.87 2.40 0.074 No 
7 -210.0 17.3 40.82 1.40 0.234 No 
14 -306.7 5.8 32.91 0.74 0.498 No 
28 -396.7 15.3 38.94 1.05 0.354 No 
56 -443.3 11.5 24.15 4.56 0.010 Significant 
90 -480.0 10.0 22.36 3.29 0.030 Significant 
50% 
FRAP 
1 -133.3 20.8 21.98 1.67 0.170 No 
3 -176.7 15.3 30.55 1.47 0.216 No 
7 -233.3 25.2 42.82 0.67 0.541 No 
14 -336.7 15.3 34.40 0.36 0.740 No 
28 -443.3 20.8 40.21 0.41 0.705 No 
56 -500.0 20.0 26.77 1.52 0.202 No 
90 -533.3 20.8 25.82 0.32 0.768 No 
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Table 59. Statistical Significance Testing of the Mass Loss of the AASHTO  
Drying Shrinkage Specimens 
FRAP 
Content 
Concrete 
Age 
(days) 
Average 
(%) 
Standard 
Deviation 
Pooled 
Standard 
Deviation (Sp) 
t-test p-value 
Statistically 
Significant? 
0% 
FRAP 
1 -0.68 2.17E-04 — — — — 
3 -1.01 3.09E-04 — — — — 
7 -1.27 4.02E-04 — — — — 
14 -1.47 4.46E-04 — — — — 
28 -1.68 5.00E-04 — — — — 
56 -1.89 5.31E-04 — — — — 
90 -2.03 5.35E-04 — — — — 
20% 
FRAP 
1 -0.77 1.38E-04 1.82E-04 6.30 3.24E-03 Significant 
3 -1.10 2.10E-04 2.64E-04 4.40 1.17E-02 Significant 
7 -1.36 1.96E-04 3.17E-04 3.44 2.63E-02 Significant 
14 -1.56 1.77E-04 3.39E-04 3.23 3.18E-02 Significant 
28 -1.77 1.95E-04 3.80E-04 2.89 4.46E-02 Significant 
56 -1.98 2.01E-04 4.02E-04 2.53 6.49E-02 No 
90 -2.10 2.29E-04 4.11E-04 2.29 8.39E-02 No 
35% 
FRAP 
1 -0.97 1.29E-04 1.78E-04 20.2 3.58E-05 Significant 
3 -1.32 2.52E-04 2.82E-04 13.6 1.70E-04 Significant 
7 -1.60 2.79E-04 3.46E-04 11.7 3.06E-04 Significant 
14 -1.84 3.05E-04 3.82E-04 12.0 2.81E-04 Significant 
28 -2.03 3.17E-04 4.19E-04 10.2 5.23E-04 Significant 
56 -2.21 3.29E-04 4.42E-04 8.60 1.01E-03 Significant 
90 -2.30 3.27E-04 4.43E-04 7.40 1.78E-03 Significant 
50% 
FRAP 
1 -0.92 3.04E-04 2.64E-04 11.3 3.50E-04 Significant 
3 -1.25 3.95E-04 3.54E-04 8.45 1.07E-03 Significant 
7 -1.53 4.59E-04 4.31E-04 7.47 1.72E-03 Significant 
14 -1.78 4.73E-04 4.60E-04 8.42 1.09E-03 Significant 
28 -1.98 4.41E-04 4.71E-04 7.90 1.39E-03 Significant 
56 -2.18 3.99E-04 4.70E-04 7.49 1.70E-03 Significant 
90 -2.29 3.68E-04 4.59E-04 6.92 2.29E-03 Significant 
 
4.4.3 Restrained Ring Shrinkage 
The restrained ring shrinkage was conducted for the 0% and 50% FRAP mixes only, 
using the mix design in shown previously in Table 28. The first set of rings was created for 
the 50% FRAP mix, which did not crack after 95 days. The control mix (0% FRAP) was 
tested next, which also did not crack after 90 days of exposure. A third mix was then created 
using 100% plain cement with 0% FRAP. The fresh properties for the three separate tests 
are reported in Table 60. Since the 0% and 50% FRAP restrained rings did not crack, it was 
deemed unnecessary to test the 20% and 35% FRAP concrete.  
 
74 
 
 
Table 60. Fresh Properties of the Restrained Ring Shrinkage Specimens 
FRAP 
Content (%) 
Cementitious 
Mix 
Air Content 
(%) 
Slump (in) 
Unit Weight 
(lb/ft
3
) 
0 Ternary 7.0 2-1/4 143.0 
0 Plain Cement 7.0 1-1/2 144.8 
50 Ternary 7.2 5-1/2 137.8 
 
4.4.3.1 50% FRAP Restrained Ring Shrinkage 
The three restrained ring shrinkage specimens for the 50% FRAP mix did not crack 
after 95 days. The shrinkage data for Ring 1 can be seen in Figure 34. Gages 1C and 1D 
experienced large spikes in strain within the first 24 hours. The cause of this expansion is 
unknown, but it is possibly due to cement hydration. The overall shrinkage strains recorded 
by Gages 1C and 1D are not as reliable as those of Gage 1B and the first half of the data 
from Gage 1A. The large drop in strain recorded by Gage 1A at 48.9 days is not due to 
cracking but likely from a change in temperature. The temperature and humidity controls 
malfunctioned at this point, and there was a drop in temperature from 23°C to about 16°C to 
18°C and an increase in relative humidity from 50% to around 60%. The temperature control 
was repaired shortly thereafter. Gage 1C also recorded a jump in the strain at 46.4 days due 
to the temperature change, as seen in Figure 34b. This age is also when the Ring 2 and 
Ring 3 gages experienced jumps in the data (see Figure 35 and Figure 36). Additionally, 
there was a 14-day gap in the data starting around 62.5 days and resuming around 77 days, 
which was due to a power outage with the data recording system. The loss of power did 
affect the strain recording of Gage 1A (Figure 34a). The maximum shrinkage strain recorded 
was -95.4 microstrain by Gage 1C. Gage 1D recorded a maximum strain of -150.2 
microstrain, although it is unknown whether Gage 1D was reporting reliable data, given the 
higher amount of noise in the data. Gages 1B and 1C reported stress relaxation at later 
ages (Figure 34c).  
All four Ring 2 gages recorded similar strains, as seen in Figure 35. Similar to Gage 
1B, all four Ring 2 gages recorded a jump in data at 46.6 days due to the temperature 
change. After 95 days, Ring 2 had not cracked. The maximum shrinkage strain recorded 
was -93.5 microstrain. All gages recorded a stress relaxation after about 40 days.  
In Ring 3, only two gages (3B and 3C) recorded usable data (Figure 36). Gages 3A 
and 3D produced too much noise to use the data. Gage 3C experienced a jump in data at 
46.8 days, and Gage 3B experienced a decrease in strain at 47.8 days due to the 
temperature change. Ring 3 did not crack after 95 days. The maximum shrinkage strain 
recorded was -86.3 microstrain by Gage 3C, which also recorded a stress relaxation after 
approximately 50 days.  
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(a) 
 
(b) 
 
(c) 
Figure 34. Restrained ring shrinkage data for the 50% FRAP mix, Ring 1, for (a) all four 
strain gages, (b) Strain Gages B, C, and D, and (c) Strain Gages B and C. 
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Figure 35. Restrained ring shrinkage data for the 50% FRAP mix, Ring 2, for  
all four strain gages. 
 
 
Figure 36. Restrained ring shrinkage data for the 50% FRAP mix, Ring 3, for  
Strain Gages B and C (Note: Gages A and D did not record useful data). 
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4.4.3.2 0% FRAP Restrained Ring Shrinkage (Ternary Blend) 
Although there were three restrained rings measuring the restrained strains for the 
0% FRAP mix, only two of the rings produced reliable strain data (i.e., Ring 2 did not report 
usable data). None of the three rings cracked after 90 days. Figure 37 shows the restrained 
ring data for Ring 1 for Strain Gage A. The maximum strain recorded was -110.1 microstrain 
by Gage A. As seen in Figure 38, only Strain Gage A recorded usable data from Ring 3. The 
maximum strain recorded was -142.4 microstrain. A slight stress relaxation was noticed in 
the 0% FRAP mix data but not to the same degree as seen with the 50% FRAP (see Figure 
35).  
 
 
Figure 37. Restrained ring shrinkage data for the 0% FRAP mix (ternary blend),  
Ring 1, for Strain Gage A. 
 
 
Figure 38. Restrained ring shrinkage data for the 0% FRAP mix (ternary blend),  
Ring 3, for Strain Gage A. 
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4.4.3.3 0% FRAP Restrained Ring Shrinkage (Plain Cement) 
The mix design for the plain cement control restrained ring can be found in Table 61. 
In addition, the air-entrainment and water-reducer dosages were 1.15 and 4.5 fluid ounces 
per 100 pounds of cement, respectively. The mix design was adjusted based on the 
moisture content of the coarse and fine aggregates.  
 
Table 61. Mix Design for the Plain Cement  
0% FRAP Restrained Ring (in lb/yd3) 
Cement 630 
Virgin Coarse 
Aggregate (SSD) 
1895.4 
Fine Aggregate (SSD) 1181.7 
Water 230.9 
 
The restrained ring shrinkage data is plotted in Figure 39 to Figure 41. Only the 
gages that reported usable data are plotted. After an age of 100 days, all three rings still had 
not cracked. The most consistent data was obtained from Ring 2 (Figure 40), which resulted 
in a maximum strain of -126.7 microstrain. A slight strain reduction can be seen at later 
ages.  
 
 
Figure 39. Restrained ring shrinkage data for the 0% FRAP mix (plain cement),  
Ring 1, for Strain Gages A and D. 
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Figure 40. Restrained ring shrinkage data for the 0% FRAP mix (plain cement),  
Ring 2, for all four strain gages. 
 
 
Figure 41. Restrained ring shrinkage data for the 0% FRAP mix (plain cement),  
Ring 3, for Strain Gages A and B. 
 
4.4.4 Shrinkage Analysis 
Examining the data presented on free shrinkage (Sections 4.4.1 and 4.4.2), there 
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mixtures tested. However, for the restrained ring shrinkage testing (Section 4.4.3), there was 
evidence that adding FRAP to concrete reduced the restraint-induced shrinkage strains. 
Although none of the restrained rings cracked, the rings with 50% FRAP reduced strains 
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restrained ring showed a 20% strain reduction compared to the 0% FRAP (ternary) ring, 
which showed a 6% reduction in strain. Based on the restrained shrinkage strains, it can be 
concluded that the FRAP mixtures have higher tensile creep capacity.  
 
4.5 RAPID CHLORIDE PENETRATION 
The rapid chloride penetration test (RCPT) was conducted according to AASHTO 
T277 (2007) to compare any changes that may occur in concrete permeability with the 
addition of FRAP. With a poor paste-FRAP bond, a higher permeability is possible if there is 
sufficient connectivity through the paste. All RCPT specimens were tested at an age of 56 
days except the 35% FRAP specimens, which were tested at 76 days due to equipment 
breakdown. Each RCPT specimen measured 4 inches in diameter by 2 inches in height, cut 
from a standard 4- by 8-inch cylinder. Specimens were taken from three cylinders: 
Specimens 1 and 2 were from the same cylinder, as were Specimens 3 and 4 and finally 5 
and 6 (see Figure 42). The top 1 inch of the cylinder was cut off and discarded. The 
specimens were cut from the remaining cylinder with Specimens 1, 3, and 5 from the next 2 
inches of the cylinder and Specimens 2, 4, and 6 from the next 2 inches. The remaining 3 
inches at the bottom were also discarded. The fresh properties of the cylinders used for 
RCPT can be found in Table 62.  
 
 
Figure 42. A schematic of RCPT specimen extraction from 4- by 8-inch cylinder. 
 
Table 62. Fresh Properties for the RCPT Specimens 
FRAP 
Content (%) 
Air Content 
(%) 
Slump  
(in) 
Unit Weight 
(lb/ft
3
) 
0 7.0 2-1/4 143.0 
20 6.6 3-1/4 141.4 
35 7.7 4 140.8 
50 7.2 5-1/2 137.8 
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 The cylinders were cut into the required 2-inch sample heights and then left to air 
dry. Once the surface was sufficiently dried, the cylinder’s outer circumference was coated 
with epoxy. This is done to prevent charge from passing along the circumferential surface of 
the sample instead of through the interior of the sample. After curing, the samples were 
placed under a vacuum in a desiccator for 4 hours, after which the samples were 
submerged in de-aerated water while still under the vacuum for at least 18 hours.  
The specimen was placed in contact with two solutions: a 3% sodium chloride (NaCl) 
solution (by mass) and a 0.3N sodium hydroxide (NaOH) solution. In the test setup, the face 
of the specimen that was nearest to the top of the cylinder was the side that was in contact 
with the NaCl solution. A 60V potential was applied, and the charge passed through the 
specimen was measured over a 6-hour duration. As mentioned in AASHTO T277 (2007), 
the value was then adjusted for a specimen 3.75 inches (95 mm) in diameter, based on the 
following equation (Equation 6), where Qs is the adjusted charge passed through a 3.75-
inch-diameter specimen, Qx is the charge passed through a specimen with diameter x (4 
inches): 
      
    
 
 
 
    
    
 
 
 
             
The chloride ion penetrability of the concrete can be evaluated based on the total 
charge passed in 6 hours. The ranges and penetrability ranking are listed in Table 63. The 
results for each sample from the four concretes can be found in Table 64. The average 
values and subsequent penetrability rating can be found in Table 65. As can be seen from 
the results in Table 65, the 0% and 50% FRAP concrete mixes have values of adjusted 
charge passed that are near the borderline between a very low and a low penetrability rating 
and, therefore, these concretes are classified as very low to low. The rating for the 20% 
FRAP mix had the highest adjusted charge passed but still was classified as having a low 
penetrability. Overall, the chloride penetrability did not appear to be affected by the 
presence of up to 50% coarse FRAP in the concrete, and the use of supplementary 
cementitious materials likely further reduced the penetrability.  
 
Table 63. Chloride Ion Penetrability Rating Based on Total  
Charge Passed, After AASHTO T277 (2007) 
Adjusted Charge  
Passed (coulombs) 
Chloride Ion  
Penetrability Rating 
>4000 High 
2000-4000 Moderate 
1000-2000 Low 
100-1000 Very Low 
<100 Negligible 
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Table 64. RCPT Results for Each Mix 
FRAP 
Content (%) 
Sample 
Charge 
Passed 
Adjusted Charge 
Passed 
0 
1 1228 1079 
2 1099 966 
3 1174 1032 
4 1203 1057 
5 941* 827* 
6 1114 979 
20 
1 1299 1142 
2 1200 1055 
3 1535 1349 
4 1495 1314 
5 1293 1136 
6 1275 1121 
35 
1 1073 943 
2 795* 699* 
3 1000 879 
4 989 869 
5 1096 963 
6 1064 935 
7 1084 953 
8 1066 937 
50 
1 1095 962 
2 1094 962 
3 1075 945 
4 1144 1005 
5 1050 923 
6 1080 949 
* Test results not included in average; data was not complete 
 
Table 65. Average RCPT Values and Penetrability Ratings 
FRAP 
Content (%) 
Average 
Charge Passed 
Average Adjusted 
Charge Passed 
Chloride Ion 
Penetrability Rating 
0 1164 1009 Very Low to Low 
20 1350 1186 Low 
35 1053 926 Very Low 
50 1090 945 Very Low to Low 
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Since the RCPT results were similar for all mixes, a t-test was performed to 
determine the statistical significance of the results relative to the control (0% FRAP) mix. A 
p-value of 0.05 was selected as the value for significance. The statistical analysis results 
can be found in Table 66, which clearly displays that the results are statically significant. 
Despite this, however, the classification for all FRAP results is still very low to low.  
 
Table 66. Statistical Significance for the RCPT Results 
FRAP 
Content 
(%) 
Average 
Standard 
Deviation 
Sample 
Size 
Degrees 
of 
Freedom 
Pooled 
Standard 
Deviation (Sp) 
t-test p-value 
Statistically 
Significant? 
0 1023 49.0 5 — — — — — 
20 1186 117 6 9 93.4 2.889 1.79E-02 Significant 
35 926 36.6 7 10 42.6 3.895 2.99E-03 Significant 
50  958 27.5 6 9 38.6 2.783 2.13E-02 Significant 
 
4.6 FREEZE/THAW DURABILITY 
In order to evaluate the potential for coarse FRAP contributing to freeze/thaw 
damage in concrete, the freeze/thaw durability of each mixture was determined by three 
replicate samples, according to AASHTO T161 Procedure A (2008). The samples measured 
3 inches by 3 inches by 11.25 inches and were cast, cured in the mold for 24 hours, 
removed from the molds, and stored in lime-saturated water until an age of 14 days. Testing 
on the 0% and 20% FRAP mixes was inadvertently begun at an age of 7 days. CTL Group 
conducted the freeze/thaw testing using an automated freeze/thaw chamber. The fresh 
properties of the freeze/thaw specimens are shown in Table 67. 
 
Table 67. Fresh Properties for the Freeze/Thaw Specimens 
FRAP 
Content (%) 
Air Content 
(%) 
Slump  
(in) 
Unit Weight 
(lb/ft
3
) 
0 6.8 3 145.2 
20 7.4 3 143.2 
35 6.8 3.25 140.4 
50 7.9 4.25 136.8 
 
The procedure requires that the specimens be surrounded by 1/32 to 1/8 inch (1 to 3 
mm) of water at all times. The freeze/thaw cycle alternates from a high temperature of 40°F 
(4°C) to a low temperature of 0°F (-18°C). At intervals no greater than 36 freeze/thaw 
cycles, the fundamental transverse frequency and specimen weight were measured. The 
test was completed once 300 freeze/thaw cycles were achieved. The relative dynamic 
modulus (Pi) after i number of freeze/thaw cycles is computed by Equation 8, where n0 is the 
initial fundamental transverse frequency and ni is the fundamental transverse frequency 
after i number of freeze/thaw cycles: 
    
  
  
 
 
                  
All samples reached the 300 freeze/thaw cycles without termination of the test; thus, the 
durability factor (DF) is equal to the relative dynamic modulus. The DF values and mass loss 
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for each mix are shown in Table 68 to Table 71. Additionally, the results versus number of 
cycles are plotted in Figure 43 and Figure 44.  
 
Table 68. Freeze/Thaw Results for the 0% FRAP Mix 
Cycles 
Durability Factor Mass Loss (%) 
Prism 1 Prism 2 Prism 3 Average Prism 1 Prism 2 Prism 3 Average 
0 100 100 100 100.0 0.00 0.00 0.00 0.00 
30 100 100 100 100.0 0.05 0.07 0.10 0.07 
66 100 100 100 100.0 0.22 0.12 0.22 0.19 
102 101 101 100 100.7 -0.15 -0.10 -0.32 -0.19 
138 101 101 100 100.7 -0.39 -0.24 -0.44 -0.36 
174 102 101 100 101.0 -0.42 -0.39 -0.88 -0.56 
232 105 102 104 103.7 -0.98 -0.85 -1.08 -0.97 
265 105 102 104 103.7 -1.35 -1.20 -1.49 -1.35 
301 104 100 100 101.3 -1.92 -1.73 -1.71 -1.79 
 
Table 69. Freeze/Thaw Results for the 20% FRAP Mix 
Cycles 
Durability Factor Mass Loss (%) 
Prism 1 Prism 2 Prism 3 Average Prism 1 Prism 2 Prism 3 Average 
0 100 100 100 100 0.00 0.00 0.00 0.00 
30 100 100 100 100 0.10 0.15 0.17 0.14 
66 100 100 100 100 0.40 0.20 0.32 0.31 
102 100 100 101 100 0.25 0.25 0.27 0.26 
138 100 100 101 100 -0.22 0.00 0.07 -0.05 
174 101 101 101 101 -0.60 -0.07 -0.30 -0.32 
232 102 101 104 102 -1.30 -0.57 -0.80 -0.89 
265 102 101 104 102 -1.92 -1.14 -1.22 -1.43 
301 102 100 104 102 -2.27 -1.67 -1.42 -1.79 
 
Table 70. Freeze/Thaw Results for the 35% FRAP Mix 
Cycles 
Durability Factor Mass Loss (%) 
Prism 1 Prism 2 Prism 3 Average Prism 1 Prism 2 Prism 3 Average 
0 100 100 100 100.0 0.00 0.00 0.00 0.00 
36 95 94 94 94.3 -0.05 0.05 0.08 0.03 
68 95 94 94 94.3 -0.13 -0.05 0.00 -0.06 
98 95 94 93 94.0 -0.43 -0.60 -0.40 -0.48 
134 95 94 93 94.0 -1.05 -1.39 -0.63 -1.02 
170 95 94 93 94.0 -1.58 -1.99 -1.33 -1.63 
206 94 93 93 93.3 -2.08 -2.36 -1.63 -2.02 
242 92 93 93 92.7 -2.41 -2.81 -2.00 -2.41 
273 91 91 90 90.7 -2.59 -3.08 -2.35 -2.67 
300 89 91 90 90.0 -2.46 -3.16 -2.55 -2.72 
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Table 71. Freeze/Thaw Results for the 50% FRAP Mix 
Cycles 
Durability Factor Mass Loss (%) 
Prism 1 Prism 2 Prism 3 Average Prism 1 Prism 2 Prism 3 Average 
0 100 100 100 100.0 0.00 0.00 0.00 0.00 
36 95 95 94 94.7 -0.08 -0.16 0.08 -0.05 
68 94 94 93 93.7 -0.05 -0.39 -0.03 -0.16 
98 94 93 92 93.0 -0.31 -0.70 -0.34 -0.45 
134 94 93 93 93.3 -0.92 -1.16 -0.96 -1.01 
170 94 93 93 93.3 -1.36 -1.63 -1.53 -1.51 
206 90 93 92 91.7 -1.64 -1.99 -1.72 -1.78 
242 87 93 91 90.3 -1.69 -2.28 -1.79 -1.92 
273 83 88 88 86.3 -2.10 -2.48 -1.82 -2.13 
300 83 88 87 86.0 -2.49 -2.71 -2.55 -2.58 
 
 
Figure 43. Durability factor evolution with freeze/thaw cycles.  
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Figure 44. Mass loss with freeze/thaw cycles. 
 
As can be seen Figure 43, the durability factor decreased with increasing FRAP 
contents but not below the limiting value of 60 in AASHTO T161 (2008). All mixes had a 
durability factor greater than 85 after 300 freeze/thaw cycles. Using 20% FRAP did not 
appear to significantly affect the freeze/thaw durability of the concrete, as evidenced by the 
fact that the durability factor and mass loss were both approximately the same as the control 
(0% FRAP) concrete. The 35% and 50% FRAP mixes both experienced greater reductions 
in durability factor and mass loss than the control concrete. After 300 cycles, the durability 
factor was lower for the 50% FRAP mix than for the 35% FRAP mix, but the 35% FRAP mix 
experienced slightly greater mass loss than the 50% FRAP concrete. The results indicate 
that adding coarse FRAP to the concrete affected the freeze/thaw durability but not 
sufficiently to become a performance problem, assuming the concrete matrix is correctly air-
entrained. If higher replacement levels are added to the concrete in the future, additional 
freeze/thaw testing should be completed to verify the mixtures can pass the AASHTO 
criterion.  
 
4.7 FRACTURE PROPERTIES 
The fracture properties were determined using a single-edge notched beam [SEN(B)] 
specimen following the two-parameter fracture model (Jenq and Shah 1985). The total 
fracture energy was determined following the method developed by Hillerborg (1985). The 
SEN(B) specimens measured 150 by 80 by 700 mm and tested with a span length of 600 
mm. A notch depth of 50 mm was cut into the beam at the mid-span (350 mm). The 
specimen was loaded at a constant crack mouth opening displacement (CMOD) rate. The 
beam was monotonically loaded until peak and then unloaded after dropping to 95% of the 
peak load in order to obtain data for the unloading compliance. Subsequently, the beam was 
then reloaded until the specimen failed. The fresh properties of the SEN(B) samples are 
shown in Table 72. The fracture beams were tested after an age of 100 days.  
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Table 72. Fresh Properties for the SEN(B) Specimens 
FRAP 
Content (%) 
Air Content 
(%) 
Slump (in) 
Unit Weight 
(lb/ft
3
) 
0 6.2 2.5 143.0 
20 6.6 3-1/4 141.4 
35 7.7 4 140.8 
50 7.5 4 140.2 
 
The SEN(B) test can estimate the initial stiffness (Ei) of the concrete based on the 
loading-unloading (load-CMOD) curve as follows (Equation 9a-c), where a0 is the notch 
depth (approximately 50 mm), S is the span length (600 mm), Ci is the initial compliance 
from the load-CMOD curve (10% to 50% of the peak load), b is the beam depth (150 mm), t 
is the beam width (80 mm), and H is the knife-edge thickness: 
   
            
     
              
                      
         
    
      
               
   
    
   
                
The unloading compliance (Cu) is similarly calculated from the unloading curve from 10% to 
80% of the peak load and then used to compute the unloading stiffness (Eu): 
   
            
     
               
The critical effective crack length (ac) at the peak load is then calculated by setting 
Equations 9a and 10a equal and solving for critical crack depth: 
     
  
  
      
      
                
The critical stress intensity factor (KsIc) is then determined from Equations 11a and 11b, 
where Pmax is the maximum peak load and W0 is the self-weight of the beam: 
   
            
   
 
  
      
           
    
                 
   
  
 
  
                                             
  
                          
                 
 
The second fracture parameter, the critical crack tip opening displacement (CTODc), is also 
calculated from the critical crack depth as follows (Equation 12), where β=ac/a0: 
      
            
    
         
   
 
                                
       
        
The initial fracture energy (GsIc) is computed from the elastic modulus (E) derived in 
Equations 9a and 10a: 
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The total fracture energy (GF) is computed from Equation 14 using the method by Hillerborg 
(1985), which normalizes the total work of fracture to the fracture area. A is the area under 
the load-CMOD curve (without the loop from unloading) and δf is the displacement at failure 
with zero load. 
   
  
   
   
       
              
The test data was analyzed to determine the peak load (Pmax), the initial compliance 
(Ci) at 10% to 50% of the peak load, and the unloading compliance (Cu) at 10% to 80% of 
the peak load (see Figure 45). Plots of all of the load-CMOD curves can be found in Figure 
46 to Figure 49. Since the beam was not tested until zero load, the value δf was determined 
by linearly extrapolating the end of the data to zero load. After fracturing each beam, the 
dimensions of the fracture area were measured.  
 
 
Figure 45. A section of the load-CMOD curve depicting the initial  
compliance (Ci), unloading compliance (Cu), and peak load. 
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Figure 46. Load-CMOD curves for the 0% FRAP mix. 
  
 
Figure 47. Load-CMOD curves for the 20% FRAP mix. 
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Figure 48. Load-CMOD curves for the 35% FRAP mix. 
 
 
Figure 49. Load-CMOD curves for the 50% FRAP mix. 
 
A summary of the fracture test results is displayed in Table 73 and Table 74. Like the 
strength results, the peak load for the SEN(B) decreased with increasing FRAP content. The 
critical stress intensity factor for the concrete containing FRAP was reduced relative to the 
0% FRAP replacement mixture. However, the critical crack tip opening displacement 
(CTODc) values were approximately the same for all mixtures despite having the largest 
coefficient of variation (COV) values.  
The initial and total fracture energies, shown in Table 74, did not demonstrate a clear 
trend with increasing FRAP content. Despite having lower KsIc values, the initial fracture 
energy was similar for all FRAP and control mixtures due to the reduction in the elastic 
modulus for the FRAP mixtures. The total fracture energy was similar for all FRAP 
replacement levels and the control even though the peak load and tensile strength were 
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lower for higher FRAP replacement values. This finding is consistent with other researchers 
who noted that concrete mixes with RAP had higher strain and energy absorbing capacities 
The angle of fracture (relative to the vertical notch) of each beam was measured to 
the nearest 0.5° (see Table 75). The angle of fracture was higher for the mixes with FRAP, 
indicating that the crack propagated further off of vertical likely due to the crack propagating 
around aggregates and not through them.  
 
Table 73. Fracture Parameters from the SEN(B) Test 
FRAP 
Content 
(%) 
Beam 
No. 
Peak Load, Pmax (kN) 
Critical Stress Intensity 
Factor, K
s
Ic (MPa-m
1/2
) 
Critical Crack Tip 
Opening Displacement 
CTODc (mm) 
Value Average COV Value Average COV Value Average COV 
0 
1 4.27 
4.39 4.8% 
1.275 
1.267 4.7% 
0.016 
0.016 9.6% 2 4.26 1.205 0.014 
3 4.63 1.322 0.017 
20 
1 3.85 
4.16 8.1% 
1.113 
1.140 2.5% 
0.017 
0.016 5.1% 2 4.52 1.169 0.016 
3 4.10 1.138 0.015 
35 
1 3.59 
3.53 2.2% 
0.950 
0.974 7.7% 
0.010 
0.014 36.2% 2 3.57 0.914 0.011 
3 3.45 1.058 0.019 
50 
1 3.52 
3.54 6.2% 
1.162 
1.054 9.2% 
0.024 
0.019 21.0% 2 3.76 1.023 0.016 
3 3.33 0.977 0.018 
 
Table 74. Fracture Energy from the SEN(B) Tests 
FRAP 
Content 
(%) 
Beam 
No. 
Initial Fracture Energy, G
s
Ic 
(N/m) 
Total Fracture Energy, GF 
(N/m) 
Value Average COV Value Average COV 
0 
1 42.11 
44.67 12.4% 
114.74 
100.40 14.6% 2 40.86 101.04 
3 51.04 85.42 
20 
1 41.18 
43.72 12.9% 
72.57 
86.35 15.0% 2 50.16 98.31 
3 39.81 88.15 
35 
1 30.34 
35.82 21.0% 
109.40 
106.45 14.7% 2 32.75 89.58 
3 44.39 120.38 
50 
1 53.35 
47.67 11.2% 
125.67 
113.52 13.5% 2 46.93 118.60 
3 42.73 96.29 
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Table 75. Angle of Fracture of Each Beam 
FRAP 
Content 
(%) 
Beam 
No. 
Angle of Fracture 
(degree) 
Value Average 
0 
1 2 
2.5 2 1.5 
3 4 
20 
1 4 
7.0 2 8 
3 9 
35 
1 8.5 
5.3 2 2.5 
3 5 
50 
1 2 
3.5 2 7 
3 1.5 
 
Since many of the fracture properties were similar across all FRAP contents, a t-test 
was performed to determine the statistical significance of the results relative to the control 
(0% FRAP) mix. A p-value of 0.05 was chosen as the level for statistical significance. Since 
all tests included three replicates, the total degrees of freedom for each t-test was four. The 
statistical significance results can be found in Table 76. For the peak load results, only the 
35% and 50% FRAP mixes were statistically significant. The reduction in the critical stress 
intensity factor for the FRAP mixes was statistically significant for all FRAP contents. No 
other fracture properties were found to be statistically significant.  
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Table 76. Statistical Significance of the Fracture Properties 
Peak Load (P) 
FRAP 
Content (%) 
Average 
Standard 
Deviation 
Pooled Standard 
Deviation (Sp) 
t-value p-value 
Statistically 
Significant? 
0 4.39 0.210 — — — — 
20 4.16 0.337 0.281 1.007 3.71E-01 No 
35 3.53 0.076 0.158 6.597 2.73E-03 Significant 
50 3.54 0.219 0.215 4.845 8.37E-03 Significant 
Critical Stress Intensity Factor (K
s
Ic) 
FRAP 
Content (%) 
Average 
Standard 
Deviation 
Pooled Standard 
Deviation (Sp) 
t-value p-value 
Statistically 
Significant? 
0 1.267 0.0590 — — — — 
20 1.140 0.0282 0.0462 3.370 2.80E-02 Significant 
35 0.974 0.0749 0.0674 5.323 5.99E-03 Significant 
50 1.054 0.0967 0.0801 3.260 3.11E-02 Significant 
Critical Crack Mouth Opening Displacement (CTODc) 
FRAP 
Content (%) 
Average 
Standard 
Deviation 
Pooled Standard 
Deviation (Sp) 
t-value p-value 
Statistically 
Significant? 
0 1.57E-02 1.51E-03 — — — — 
20 1.59E-02 8.17E-04 1.21E-03 0.200 8.51E-01 No 
35 1.37E-02 4.96E-03 3.66E-03 0.687 5.30E-01 No 
50 1.93E-02 4.06E-03 3.06E-03 1.435 2.25E-01 No 
Initial Fracture Energy (G
s
Ic) 
FRAP 
Content (%) 
Average 
Standard 
Deviation 
Pooled Standard 
Deviation (Sp) 
t-value p-value 
Statistically 
Significant? 
0 44.7 5.55 — — — — 
20 43.7 5.62 5.59 0.210 8.44E-01 No 
35 35.8 7.51 6.61 1.641 1.76E-01 No 
50 47.7 5.35 5.45 0.674 5.37E-01 No 
Total Fracture Energy (GF) 
FRAP 
Content (%) 
Average 
Standard 
Deviation 
Pooled Standard 
Deviation (Sp) 
t-value p-value 
Statistically 
Significant? 
0 100.4 14.7 — — — — 
20 86.35 13.0 13.8 1.243 2.82E-01 No 
35 106.5 15.6 15.1 0.490 6.50E-01 No 
50 113.5 15.3 15.0 1.071 3.45E-01 No 
 
4.8 ALKALI-SILICA REACTIVITY 
The alkali-aggregate reactivity of all the aggregates utilized in the concrete was 
tested according to ASTM C1260 (2007). Siliceous aggregates can undergo alkali-silica 
reaction (ASR) and carbonate aggregates can experience alkali-carbonate reaction (ACR), 
both of which result in expansive gels and in some cases deleterious cracking. The following 
aggregate types were tested: virgin dolomite coarse aggregate, FRAP dolomite with binder 
extracted, FRAP fine aggregates (passing #4 sieve), and virgin fine aggregate. As described 
in the standard, 990 grams of aggregate (graded according to Table 77) were used along 
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with 440 grams of cement. Water was added to achieve a w/c ratio of 0.47. The resultant 
mortar was tamped into molds measuring 1 inch by 1 inch by 11.25 inches. Gage studs 
were placed at the ends of the mold to facilitate expansion measurements. The mortar 
beams still in molds were placed in the moist curing room for 24 hours and then removed 
from the molds and stored in water in an oven at 60°C for 24 hours. After the water bath 
cure, the prisms were measured in a length comparator for the initial (zero) reading and then 
stored in 1.0N sodium hydroxide (NaOH) solution at 60°C. The length change of the 
specimens was measured at least three times before the final measurement at 14 days. The 
expansion was calculated in the same manner as the free shrinkage (Equation 7a). 
The IDOT (2008) provision on ASR requires that the total equivalent alkali content 
(Na2O + 0.658K2O) of the cement be ≥0.90%. The cement used in this study had an 
equivalent alkali content of 0.48% (previously shown in Table 24), so an additional 1.83 
grams of NaOH was added to the mortar mix water to increase the alkalinity to 0.90%.  
 The virgin dolomite coarse aggregate was oven dried, crushed in a disc pulverizer, 
and sieved to obtain the required standard gradation. The expansion of the three replicate 
specimens is shown in Table 78. The dolomite virgin coarse aggregate was determined not 
to be alkali-reactive.  
 Being of already fine gradation, the FRAP fine aggregate and virgin fine aggregate 
were both sieved to obtain the required gradation without any additional crushing. The 
FRAP fine aggregate was taken from the bottom of an aggregate barrel, where the particles 
had settled. The ASR expansion of the mortar bars with FRAP fine aggregate is shown in 
Table 79. The third mortar bar replicate broke and was unable to be measured. The primary 
mineral aggregate in the FRAP fine aggregate was dolomite; thus, it was not the source of 
the measured expansion (see Table 80). Rather, the expansion appeared to be due to 
swelling of the asphalt within the mortar, as seen in Figure 50. The elevated temperature of 
the test forced the asphalt to expand, likely resulting in the expansion of the bar.  
 After removing the asphalt binder from the coarse FRAP by rotary evaporation (see 
Section 3.1.6), the aggregate was crushed in a disc pulverizer and then sieved to the 
required gradation. The expansion of the post-extracted FRAP dolomite is shown in Table 
80 and indicates that the dolomite in the FRAP is not alkali-reactive.  
 The final aggregate to be tested was the fine aggregate (natural sand with silicates), 
as shown in Table 81. No additional crushing or processing was required to meet the 
required gradation. Being a siliceous fine aggregate, the natural sand resulted in some level 
expansion and alkali reactivity.  
 The average expansion after 14 days for each aggregate type is shown in Table 82 
and plotted in Figure 51. As can be seen, the virgin dolomite coarse aggregate experienced 
the least amount of expansion, followed by the post-extracted FRAP dolomite. The FRAP 
fine aggregate expanded more than the post-extracted FRAP dolomite, likely due to the 
asphalt swelling from the elevated temperature in the NaOH solution. As expected, the 
virgin fine aggregate sand experienced the most expansion due to the presence of silicate 
aggregates. Since the coarse aggregate expansion is ≤0.16% and the fine aggregate (sand) 
expansion is >0.16% but <0.27%, the aggregate blend meets Group II based on the IDOT 
ASR special provision (2008). Based on these results, in order to mitigate ASR expansion, 
there are multiple options available including using supplementary cementitious materials 
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and/or using a low-alkali cement (IDOT 2008). Since the FRAP mixtures use 35% 
replacement of the cement with slag and fly ash, the mortar bar expansion is expected to be 
reduced, especially for the fine siliceous aggregate. 
 
Table 77. Aggregate Gradation Requirement for ASTM C1260 Test 
Sieve Percent of Total 
Aggregate Mass (%) 
Mass Amount (g) 
Passing Retained on 
#4 #8 10 99.0 
#8 #16 25 247.5 
#16 #30 25 247.5 
#30 #50 25 247.5 
#50 #100 15 148.5 
 
Table 78. Average Expansion by ASTM C1260 for Virgin Coarse Aggregate (Dolomite) 
 
Dolomite 1 Dolomite 2 Dolomite 3 
Average 
Expansion 
(%) Day 
Relative 
Length 
(in) 
Expansion 
(%) 
Relative 
Length 
(in) 
Expansion 
(%) 
Relative 
Length 
(in) 
Expansion 
(%) 
0 0.1774 0.0 0.1669 0.0 0.1627 0.0 0.000 
4 0.1760 -0.014 0.1657 -0.012 0.1614 -0.013 -0.013 
7 0.1767 -0.007 0.1665 -0.004 0.1622 -0.005 -0.005 
9 0.1780 0.006 0.1677 0.008 0.1635 0.008 0.007 
11 0.1780 0.006 0.1676 0.007 0.1632 0.005 0.006 
14 0.1784 0.010 0.1681 0.012 0.1638 0.011 0.011 
 
Table 79. Average Expansion by ASTM C1260 for FRAP Fine Aggregate 
 
FRAP Fines 1 FRAP Fines 2 Average 
Expansion 
(%) Day 
Relative 
Length (in) 
Expansion 
(%) 
Relative 
Length (in) 
Expansion 
(%) 
0 0.1743 0.0 0.1675 0.0 0.000 
4 0.1778 0.035 0.1711 0.036 0.036 
7 0.1794 0.051 0.1726 0.051 0.051 
10 0.1807 0.064 0.1741 0.066 0.065 
14 0.1826 0.083 0.1760 0.085 0.084 
 
 
Figure 50. FRAP fines exposed to the elevated temperatures  
swelled and expanded, which perhaps resulted in the somewhat higher  
expansion versus the post-extracted coarse FRAP dolomite. 
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Table 80. Average Expansion by ASTM C1260 for Post-Extracted FRAP (Dolomite) 
Day 
Post-Extracted FRAP 1 Post-Extracted FRAP 2 Post-Extracted FRAP 3 Average 
Expansion 
(%) 
Relative 
Length (in) 
Expansion 
(%) 
Relative 
Length (in) 
Expansion 
(%) 
Relative 
Length (in) 
Expansion 
(%) 
0 0.1151 0.000 0.1513 0.000 0.1811 0.000 0.000 
5 0.1193 0.042 0.1555 0.042 0.1854 0.043 0.042 
7 0.1190 0.039 0.1552 0.039 0.1850 0.039 0.039 
10 0.1193 0.042 0.1553 0.040 0.1857 0.046 0.043 
12 0.1195 0.044 0.1555 0.042 0.1855 0.044 0.043 
14 0.1200 0.049 0.1562 0.049 0.1860 0.049 0.049 
 
Table 81. Average Expansion by ASTM C1260 for Virgin Fine Aggregate  
(Dolomite and Quartz) 
Day 
Sand 1 Sand 2 Sand 3 Average 
Expansion 
(%) 
Relative 
Length (in) 
Expansion 
(%) 
Relative 
Length (in) 
Expansion 
(%) 
Relative 
Length (in) 
Expansion 
(%) 
0 0.1241 0.000 0.1400 0.000 0.1592 0.000 0.000 
5 0.1314 0.073 0.1473 0.073 0.1660 0.068 0.071 
7 0.1331 0.090 0.1482 0.082 0.1683 0.091 0.088 
10 0.1375 0.134 0.1528 0.128 0.1732 0.140 0.134 
12 0.1395 0.154 0.1545 0.145 0.1755 0.163 0.154 
14 0.1420 0.179 0.1576 0.176 0.1785 0.193 0.183 
 
Table 82. Average ASTM C1260 Expansion Values by Aggregate Type 
Aggregate Type 
Average 14-Day 
Expansion (%) 
Virgin Coarse Aggregate (Dolomite) 0.011 
FRAP Fine Aggregate (Dolomite and Asphalt) 0.084 
Post-Extracted Coarse FRAP (Dolomite) 0.049 
Virgin Fine Aggregate (Quartz and Dolomite) 0.183 
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Figure 51. ASTM C1260 expansion of several aggregates in NaOH solution for 14 days.  
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CHAPTER 5 “DIRTY” FRAP STUDIES 
 
 This chapter examines the possibility of using a “dirty” FRAP sources, meaning the 
FRAP source had not been thoroughly washed and cleaned as was the original washed 
FRAP source used in majority of the study (discussed in Chapter 4). Hereafter, the FRAP 
used in the main part of the study will be referred to as original FRAP, and the FRAP 
discussed in this section will be referred to as dirty FRAP. As a basic distinction, since the 
dirty FRAP had not been washed and cleaned, there is a higher asphalt content and a 
greater portion passing the #4 sieve. After milling and fractionating the RAP, the original 
FRAP was washed in the field, whereas the dirty FRAP was essentially used after it was 
fractionated.  
 
5.1 DIRTY FRAP STUDY AT UIUC 
A short study was conducted at the University of Illinois using dirty FRAP. An image 
of the dirty FRAP and original FRAP is shown in Figure 52. Only the coarse aggregate 
fraction was replaced with the dirty FRAP. To further evaluate the effect of removing the 
FRAP fine particles, the dirty FRAP was processed in the laboratory by dry sieving over a #4 
sieve and also by washing over a #4 sieve. Before any mixture designs and strength tests 
could be completed, the physical properties of the dirty FRAP source and extracted asphalt 
binder content had to be determined.  
 
 
Figure 52. A side-by-side comparison between the dirty FRAP (unprocessed)  
and the original FRAP. As can be noted, the dirty FRAP is a finer gradation. 
 
5.1.1 Dirty FRAP Aggregate Properties 
The aggregate physical properties for dirty FRAP source were the same as the 
regular washed FRAP source, as covered in Section 3.2. Table 83 presents a comparison 
between the aggregate properties of the washed FRAP used in the main study and the dirty 
FRAP. As can be seen, the dirty FRAP has a lower unit weight, a lower specific gravity, a 
lower absorption, and a greater amount of agglomerated particles. In addition, a different 
99 
 
fine aggregate source was used in the dirty FRAP study relative to the main study. The 
pertinent properties of this fine aggregate are also listed in Table 83. The virgin coarse 
aggregate used was the same dolomite described in Section 3.2.  
 
Table 83. Comparison of Aggregate Properties between Original FRAP and Dirty FRAP 
 
Original FRAP Dirty FRAP Fine Aggregate 2
 
Bulk Unit Weight (lb/ft
3
) 93.4 90.1 108.7 
Relative Specific Gravity 
(SSD)
 2.59 2.56 2.51 
Absorption 2.45% 1.79% 2.00% 
Agglomerated Particles 14.2% 20.4% — 
 
The aggregate gradations of the dirty FRAP used in this part of the study can be 
found in Table 84 and Figure 53, compared to the original FRAP used in the main study. As 
can be noted, the dirty FRAP has a finer gradation than the original FRAP used in the main 
study. The dirty FRAP has 21.9% passing the #4 compared to only 3.6% passing the #4 
with the original FRAP from the main study. The sieved dirty FRAP was processed in the 
laboratory by dry sieving the aggregate by hand over a #4 sieve. The washed dirty FRAP 
was processed in the laboratory over a #4 sieve by using water and a brush to remove the 
loose fine particles. After processing the dirty FRAP, there was a significant reduction in the 
number of fine particles passing the #4 sieve (21.9% to 4.5%).  
 
Table 84. Aggregate Gradation (Cumulative Percent Passing) of Original  
FRAP, Dirty FRAP, Processed Dirty FRAP, and the Fine Aggregate  
 
Original 
Washed 
FRAP (%) 
Dirty 
FRAP (%) 
Processed* 
Dirty FRAP (%) 
Fine Aggregate 
2 (%)
 
1" (25 mm) 100.0 100.0 100.0 — 
3/4" (19 mm) 99.9 100.0 100.0 — 
1/2" (12.5 mm) 78.4 99.3 99.4 — 
3/8" (9.5 mm) 37.9 86.3 82.7 100.0 
#4 (4.75 mm) 3.6 21.9 4.5 95.1 
#8 (2.36 mm) 1.6 5.5 0.2 88.6 
#16 (1.18 mm) 1.1 2.8 0.1 78.9 
#30 (0.6 mm) 0.8 1.9 0.1 66.4 
#50 (0.3 mm) 0.6 1.3 0.1 25.6 
#100 (0.15 mm) 0.3 0.7 0.1 5.4 
#200 (0.075 mm) 0.1 0.3 0.0 1.6 
*washed or dry sieved over #4 sieve 
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Figure 53. Gradations of the FRAP, dirty FRAP, and processed dirty FRAP.  
 
5.1.2 Dirty FRAP Mix Design 
Based on the aggregate properties, the mix design of the concrete was adjusted as 
shown in Table 85. The cementitious content and ternary blend were kept the same as were 
the similar chemical admixture dosages. The mix design was also corrected for the moisture 
content of the aggregate prior to mixing. Ten mixes were created and evaluated for fresh 
and strength properties: control (0% FRAP), unprocessed dirty FRAP, dry-sieved dirty 
FRAP, and washed dirty FRAP. The three types of dirty FRAP mixes tested were with 20%, 
35%, and 50% coarse FRAP replacement. The combined gradation for each FRAP 
replacement mixture was different due to the blending of coarse FRAP and virgin 
aggregates at the various replacement rates. 
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Table 85. Dirty FRAP Mixture Designs 
 0% FRAP 20% FRAP 35% FRAP 50% FRAP 
Cement 409.5 409.5 409.5 409.5 
Slag 157.5 157.5 157.5 157.5 
Fly Ash 63.0 63.0 63.0 63.0 
Dolomite Coarse 
Aggregate (SSD) 
1895.4 1497.8 1205.9 919.3 
Dirty FRAP (SSD) 0.0 374.4 649.3 919.3 
Fine Aggregate 
(SSD) 
1065.7 1065.7 1065.7 1065.7 
Water 230.9 230.9 230.9 230.9 
Air-Entrainment 
Dosage* 
1.15 1.15 1.15 1.15 
Water-Reducer 
Dosage* 
4.4 4.4 4.25 4.2 
*In fluid ounces per 100 pounds of cementitious material 
  
5.1.3 Dirty FRAP Asphalt Content 
The unprocessed dirty FRAP asphalt content was measured by centrifuge extraction 
(see Section 3.2.6). Three replicates were measured, resulting in an average asphalt 
content of 3.26%, as seen in Table 86. Due to the higher fine portion of the dirty FRAP, the 
asphalt is higher than the original FRAP used in the main study, which had an asphalt 
content of 2.14% (previously shown in Table 20).  
 
Table 86. Dirty FRAP Asphalt Content by Centrifuge Extraction 
 1 2 3 Average 
Asphalt Content 3.23% 3.20% 3.34% 3.26% 
 
5.1.4 Concrete with Dirty FRAP Fresh Properties 
The fresh properties of the dirty FRAP mixes are listed in Table 87. No clear trend 
can be seen in the air content and unit weight with the increase in the amount of dirty FRAP. 
The workability increased with the increase in the amount of dirty and processed dirty FRAP, 
as indicated by a slight slump increase with dirty FRAP addition and a lower water-reducer 
dosage.  
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Table 87. Dirty FRAP Fresh Properties 
Dirty FRAP 
Mix 
Air Content 
(%) 
Slump (in) 
Unit Weight, 
(lb/ft
3
) 
0% 6.9 2-3/4 138.2  
20% Dirty 6.2 3 142.8  
35% Dirty 5.3 2  145.0  
50% Dirty 7.2 3-1/4 138.6  
20% Sieved 6.4 2-1/4 144.0  
35% Sieved 7.2 3 140.6  
50% Sieved 6.6 2-1/2 141.2  
20% Washed 7.1 3-1/4 142.2  
35% Washed 7.6 3-1/2  139.8  
50% Washed 7.8 3-1/4  138.4  
 
5.1.5 Dirty FRAP Strength Properties 
The dirty FRAP mixes were evaluated for compressive and split tensile strengths, 
following the procedure previously outlined in Section 4.2. The compressive and split tensile 
strength results are summarized in Table 88 and in Figure 54 and Figure 55. In general, the 
compressive and split tensile strengths decreased with increasing dirty FRAP contents, for 
both unprocessed and processed dirty FRAP. This finding was consistent with the main 
study and the archival literature. The 20% FRAP specimens, especially at earlier ages, had 
similar compressive strengths to the control mix, but the split tensile strength was reduced 
for all dirty FRAP replacements, even with and without processing. The compressive and 
split tensile strength data suggests that the dirty FRAP (unprocessed) achieved the best or 
similar strength compared to the washed FRAP for replacement levels of 20% and 35%. 
One factor not closely controlled in this study was the combined gradation for the 
various mixtures. Hence, gradation differences may have influenced the observations. 
Overall, the strength performance was not improved by processing the dirty FRAP through 
dry or wet sieving (assuming the gradation differences did not play a significant role in the 
strength trends). Based on the IDOT compressive strength requirement of 3500 psi at 14 
days, all ten mixes met the specification, although some of the 50% dirty FRAP mixes barely 
passed the required minimum. Although additional studies are needed, processing of this 
dirty FRAP to remove fine particles did not produce any strength benefits. 
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Table 88. Dirty FRAP Compressive and Split Tensile Strength Results 
Mix Age 
Compressive Strength (psi) Split Tensile Strength (psi) 
1 2 3 Average 1 2 3 Average 
Control 
0% 
7 3744 3700 3549 3664 562 745 752 687 
14 5192 4960 4834 4995 740 857 868 822 
28 5612 5292 5344 5416 860 1064 845 923 
Unwashed 
20% 
7 3525 3645 3777 3649 704 708 679 697 
14 4760 5037 4628 4809 858 771 682 770 
28 5656 5402 5395 5484 804 830 823 819 
Unwashed 
35% 
7 3766 3701 3786 3751 708 669 703 693 
14 4776 4792 4784 4784 684 775 651 703 
28 5319 5288 5265 5291 802 831 868 833 
Unwashed 
50% 
7 2784 2825 2770 2793 438 468 507 471 
14 3635 3503 3660 3600 699 556 531 596 
28 3492 3973 4126 3864 662 758 823 747 
Sieved 
20% 
7 4076 3805 3681 3854 658 613 617 629 
14 4836 4921 4741 4833 695 635 671 667 
28 5533 4685 5799 5339 806 709 713 743 
Sieved 
35% 
7 3116 3427 3183 3242 558 624 637 606 
14 3945 3986 4014 3982 629 680 667 659 
28 4776 4619 4502 4632 713 782 644 713 
Sieved 
50% 
7 3382 3265 3294 3314 559 580 467 535 
14 3985 3986 3952 3974 676 749 695 707 
28 4561 4507 4337 4468 638 807 673 706 
Washed 
20% 
7 3799 3819 3923 3847 695 631 669 665 
14 4671 4523 4494 4562 763 504 675 647 
28 4795 4943 4741 4826 658 687 709 685 
Washed 
35% 
7 3108 3267 2968 3114 573 609 540 574 
14 4197 3978 4112 4096 853 766 658 759 
28 4523 4371 4408 4434 681 600 696 659 
Washed 
50% 
7 2859 2785 2905 2850 587 565 587 580 
14 3697 3569 3704 3657 617 679 700 665 
28 3973 4197 4062 4077 737 492 561 597 
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(a) 
 
(b) 
 
(c) 
Figure 54. Compressive strength data for the unprocessed and processed  
dirty FRAP at (a) 7 days, (b) 14 days, and (c) 28 days.  
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(a) 
 
(b) 
 
(c) 
Figure 55. Split tensile strength data for the unprocessed and processed  
dirty FRAP at (a) 7 days, (b) 14 days, and (c) 28 days. 
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In order to determine the statistical significance of additional processing of the dirty 
FRAP, a t-test was performed on the strength data. A p-value of 0.05 was selected as the 
limit for statistical significance. Since all tests included the average of three specimens, the 
total degrees of freedom for each statistical analysis was four. The t-test analysis compared 
the dirty FRAP to the laboratory-processed (sieved and washed dirty FRAP) for the 
compressive strength (Table 89 and Table 90) and split tensile strength (Table 91 and Table 
92) results. The resultant p-values are somewhat varied. There may be an effect of sieving 
the dirty FRAP on the compressive strength, particularly at higher FRAP contents. There 
does not appear to be an effect of sieving the dirty FRAP on the split tensile strength, 
although washing the dirty FRAP may have an effect. Further study is warranted to 
determine the ultimate influence of processing the dirty FRAP.  
 
Table 89. Statistical Significance for Compressive Strength  
of Dirty FRAP versus Sieved Dirty FRAP 
FRAP 
Content (%) 
Testing 
Age 
t-value p-value 
Statistically 
Significant? 
20 
7 1.49 2.10E-01 No 
14 0.18 8.63E-01 No 
28 0.42 6.97E-01 No 
35 
7 5.19 6.56E-03 Significant 
14 38.9 2.61E-06 Significant 
28 8.14 1.24E-03 Significant 
50 
7 13.4 1.78E-04 Significant 
14 7.49 1.70E-03 Significant 
28 2.98 4.07E-02 No 
 
Table 90. Statistical Significance for Compressive Strength 
 of Dirty FRAP versus Washed Dirty FRAP 
FRAP 
Content (%) 
Testing 
Age 
t-value p-value 
Statistically 
Significant? 
20 
7 2.41 7.35E-02 No 
14 1.86 1.37E-01 No 
28 6.28 3.29E-03 Significant 
35 
7 7.07 2.11E-03 Significant 
14 10.8 4.19E-04 Significant 
28 17.8 5.89E-05 Significant 
50 
7 1.48 2.12E-01 No 
14 0.87 4.33E-01 No 
28 1.06 3.50E-01 No 
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Table 91. Statistical Significance for Split Tensile Strength  
of Dirty FRAP versus Sieved Dirty FRAP 
FRAP 
Content (%) 
Testing 
Age 
t-value p-value 
Statistically 
Significant? 
20 
7 4.00 1.62E-02 Significant 
14 1.93 1.26E-01 No 
28 2.32 8.13E-02 No 
35 
7 3.18 3.36E-02 Significant 
14 1.11 3.30E-01 No 
28 2.74 5.20E-02 No 
50 
7 1.60 1.85E-01 No 
14 1.97 1.21E-01 No 
28 0.59 5.85E-01 No 
 
Table 92. Statistical Significance for Split Tensile Strength  
of Dirty FRAP versus Washed Dirty FRAP 
FRAP 
Content (%) 
Testing 
Age 
t-value p-value 
Statistically 
Significant? 
20 
7 1.55 1.96E-01 No 
14 1.35 2.50E-01 No 
28 8.06 1.28E-03 Significant 
35 
7 5.10 6.99E-03 Significant 
14 0.83 4.54E-01 No 
28 4.93 7.89E-03 Significant 
50 
7 5.10 7.00E-03 Significant 
14 1.20 2.96E-01 No 
28 1.74 1.57E-01 No 
 
5.2 DIRTY FRAP STUDY BY INDEPENDENT LABORATORY 
Based on the results from the University of Illinois laboratory presented in the 
previous sections, an additional study was funded by the Illinois Tollway and undertaken by 
S.T.A.T.E. Testing at their laboratory to verify the trends observed and check other variable 
sensitivities. The results of the S.T.A.T.E. Testing study are presented here to document the 
findings for future work on FRAP. Ten mixes were created using various ternary blends, 
cementitious contents, FRAP sources, and coarse aggregate types. All FRAP sources used 
were “dirty” (i.e., unprocessed and unwashed). The ternary blends consisted of cement, 
slag, and fly ash, although the proportions varied between mixes as did the total 
cementitious content, as seen in Table 93. In order to accommodate the large volume of 
concrete needed for specimens, three batches (labeled A, B, and C) were created. All mixes 
had a water-to-cementitious (w/cm) ratio of 0.37, except for Mix 2C (w/cm=0.41) and Mix 8C 
(w/cm=0.30). 
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Table 93. Cementitious Types and Contents for S.T.A.T.E. Testing Mixes 
Mix Description 
Total 
Cementitious 
(lb/yd
3
) 
Cement Slag Fly Ash 
lb/yd
3
 % lb/yd
3
 % lb/yd
3
 % 
1 FRAP #1 635 410 65 160 25 65 10 
2 FRAP #2 635 410 65 160 25 65 10 
3 FRAP #3 635 410 65 160 25 65 10 
4 FRAP #4 635 410 65 160 25 65 10 
5 
FRAP #1, More FRAP, 
Less Cement 
600 390 65 150 25 60 10 
6 FRAP #1, With RCA 635 410 65 160 25 65 10 
7 
FRAP #1, More FRAP, 
Less Cement, Lower 
Quality Coarse 
Aggregate 
575 370 65 145 25 60 10 
8 
FRAP #1, Less FRAP, 
With RCA 
610 335 55 195 32 80 13 
9 FRAP #2, Less Cement 600 390 65 150 25 60 10 
10 Control 635 410 65 160 25 65 10 
 
Four different FRAP sources were used in this study (labeled 1 to 4). FRAP sources 
1, 3, and 4 were from typical dense-graded hot-mix asphalt (HMA) pavements while FRAP 
source 2 was a stone matrix asphalt (SMA) mix. This is why FRAP 2 has a greater asphalt 
content and fewer fine particles (passing the #4 sieve) relative to the other sources. All four 
FRAP sources were unprocessed and “dirty.” The aggregate properties can be found in 
Table 94. In addition, a few mixes were created using recycled concrete aggregate (RCA), 
taken from O’Hare International Airport, as the main coarse aggregate component rather 
than virgin coarse aggregate.  
 
Table 94. FRAP and RCA Properties for S.T.A.T.E. Testing 
Aggregate 
Type 
Asphalt 
Content (%) 
Agglomerated 
Particles (%) 
Relative Specific 
Gravity (SSD) 
Absorption (%) 
FRAP #1 5.06 10.7 2.572 1.4 
FRAP #2 5.93 14.7 2.474 1.3 
FRAP #3 3.95 4.2 2.603 1.5 
FRAP #4 4.15 4.8 2.577 1.6 
RCA — — 2.525 3.8 
 
The aggregate contents are shown in Table 95 for each mix. Two types of virgin 
coarse aggregate were used: one CM11 of typical quality for pavements and another CM11 
of lower quality typically unsuitable for pavements. Additionally, several mixes (Mixes 5, 7, 8, 
and 9) were blended with an intermediate-size aggregate (CM16) to produce an optimized 
gradation. Two of the ten mixes used RCA instead of virgin coarse aggregate. The 
percentage of coarse and fine aggregate was changed for each mix in order to produce 
more optimum gradations. All mixes used FA02 virgin fine aggregate sand. The aggregate 
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gradations are listed in Table 96. The final total aggregate blended gradations are shown in 
Table 97 and plotted in Figure 56.  
 
Table 95. Aggregate Contents for S.T.A.T.E. Testing (lb/yd3) 
Mix 
FRAP 
Content (%) 
FRAP 
CM11 
(Typical) 
CM11 (Low 
Quality) 
CM16 RCA FM02 
1 35 641 1259 — — — 1030 
2 35 587 1200 — — — 1120 
3 35 642 1247 — — — 1048 
4 35 631 1236 — — — 1066 
5 45 824 678 — 382 — 1097 
6 35 641 — — — 1171 1030 
7 45 824 — 786 267 — 1151 
8 25 458 — — 191 1171 1070 
9 35 587 738 — 455 — 1187 
10 0 — 1864 — — — 1102 
 
Table 96. Aggregate Gradations (Percent Cumulative Passing) for S.T.A.T.E. Testing 
 
 
Sieve Size
FRAP #1 
(%)
FRAP #2 
(%)
FRAP #3 
(%)
FRAP #4 
(%)
CM11 
(Typical) (%)
CM11 (Low 
Quality) (%)
CM16 
(%)
RCA 
(%)
FM02 
(%)
37.5 mm (1.5") — — — — — — — 100.0 —
25 mm (1") — — — — 100.0 100.0 — 94.9 —
19 mm (3/4") — — — — 93.1 89.7 — 81.5 —
16 mm (5/8") 100.0 100.0 100.0 100.0 75.9 69.4 — 68.2 —
12.5 mm (1/2") 99.9 98.9 99.2 98.1 47.1 44.1 100.0 49.6 —
9.5 mm (3/8") 90.6 71.7 89.5 85.9 22.5 22.3 95.2 30.2 100.0
6.4 mm (1/4") 55.9 23.6 51.0 45.8 7.7 8.0 46.9 12.7 —
4.75 mm (#4) 35.0 8.3 28.5 21.9 5.7 4.0 24.9 10.2 99.8
2.36 mm (#8) 16.2 2.3 7.8 4.1 3.9 1.7 5.6 7.5 92.5
1.18 mm (#16) 8.2 1.3 4.0 2.1 3.3 1.5 4.6 6.3 70.2
0.6 mm (#30) 4.7 1.0 2.7 1.6 3.1 1.4 4.3 5.5 45.9
0.3 mm (#50) 2.8 0.8 2.0 1.3 2.9 1.4 4.2 4.6 17.3
0.15 mm (#100) 1.5 0.6 1.4 1.0 2.7 1.3 4.1 3.8 4.3
0.075 mm (#200) 0.7 0.3 0.9 0.6 2.3 1.3 3.9 3.0 2.0
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Table 97. Total Aggregate Blended Gradations for each Mix 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Metric English 1 2 3 4 5 6 7 8 9 10
37.5 mm 1 1/2 in. 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 101.0% 100.0% 100.0% 100.0%
25 mm 1 in. 100.0% 100.0% 100.0% 100.0% 100.0% 97.9% 101.0% 98.0% 100.0% 100.0%
19 mm 3/4 in. 97.0% 97.2% 97.1% 97.1% 98.4% 92.4% 98.3% 92.6% 98.3% 95.7%
16 mm 5/8 in. 89.6% 90.1% 89.9% 89.9% 94.5% 87.0% 93.0% 87.3% 94.0% 84.8%
12.5 mm 1/2 in. 77.2% 78.1% 77.6% 77.4% 87.8% 79.3% 86.4% 79.8% 86.6% 66.7%
9.5 mm 3/8 in. 64.6% 62.6% 65.1% 64.3% 79.0% 69.2% 77.7% 70.2% 74.2% 51.2%
6.3 mm 1/4 in. 50.6% 46.9% 50.5% 49.3% 60.0% 54.1% 60.0% 54.3% 53.7% 41.9%
4.75 mm No. 4 45.1% 42.9% 44.6% 43.1% 50.9% 48.2% 51.0% 48.3% 46.7% 40.5%
2.36 mm No. 8 37.6% 38.1% 36.7% 35.8% 40.3% 40.1% 40.6% 40.2% 39.3% 36.7%
1.18 mm No. 16 27.7% 28.9% 27.5% 27.0% 29.5% 29.7% 29.8% 30.1% 29.8% 27.9%
600 mm No. 30 18.4% 19.4% 18.4% 18.2% 19.5% 19.9% 19.5% 20.2% 20.0% 18.9%
300 mm No. 50 7.9% 8.1% 7.9% 7.7% 8.4% 8.8% 8.1% 9.0% 8.4% 8.2%
150 mm No. 100 3.0% 2.9% 3.0% 2.9% 3.2% 3.5% 2.8% 3.6% 3.1% 3.3%
75 mm No. 200 1.8% 1.8% 1.9% 1.8% 2.0% 2.1% 1.6% 2.3% 2.0% 2.2%
65% 61% 64% 64% 63% 64% 63% 63% 60% 63%
35% 39% 36% 36% 37% 36% 38% 37% 40% 37%
Sieve Designations Mix Number
Percent Coarse 
Aggregate
Percent Fine 
Aggregate
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(a) 
 
(b) 
 
 
(c) 
 
(d) 
 
 
(e) 
Figure 56. Plots of the total aggregate gradations versus a 0.45 power line,  
assuming a 3/4-inch (19 mm) maximum aggregate size, for (a) Mixes 1 and 2,  
(b) Mixes 3 and 4, (c) Mixes 5 and 6, (d) Mixes 7 and 8, and (b) Mixes 9 and 10. 
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The fresh properties of each mix are shown in Table 98. Since Batches A, B, and C 
contained the same mix constituents and proportions, the fresh properties were not 
necessarily measured for each batch. However, the admixture dosage was sometimes 
changed between Batches A, B, and C; if the admixture dosage did not change between 
subsequent batches, then the fresh properties were not measured. This may have resulted 
in some unexplained behavior in the strength data. The strength properties for individual 
specimens are shown in Table 99 and Table 100 and were not necessarily measured at 
every age from a given batch. The strength results presented for different batches of the 
same mix may not have the same air content (see Table 98);thus, cautious conclusions 
must be made if the air content of the mix was not measured. 
 
Table 98. Fresh Properties of S.T.A.T.E. Testing 
Mix Batch 
w/cm 
Ratio 
Air Content 
(%) 
Slump (in) 
Unit Weight 
(lb/yd
3
) 
1 
A 0.37 8.0 3.50 141.3 
B 0.37 5.5 2.50 144.9 
C 0.37 — — — 
2 
A 0.37 5.3 1.25 146.9 
B 0.37 5.0 1.25 146.4 
C 0.41 — 3.50 — 
3 
A 0.37 7.5 2.75 142.9 
B 0.37 — — — 
C 0.37 — — — 
4 
A 0.37 8.5 4.50 137.1 
B 0.37 6.0 2.50 — 
C 0.37 — — — 
5 
A 0.37 5.1 1.00 146.5 
B 0.37 9.0 3.00 — 
C 0.37 6.6 1.50 140.1 
6 
A 0.37 7.0 4.50 138.4 
B 0.37 — 4.50 — 
C 0.37 — 5.50 — 
7 
A 0.37 5.9 1.00 145.6 
B 0.37 — 1.50 — 
C 0.37 — — — 
8 
A 0.37 5.3 4.00 141.8 
B 0.37 7.7 6.00 135.6 
C 0.30 7.3 3.50 138.1 
9 
A 0.37 7.6 3.50 141.9 
B 0.37 — 4.00 — 
C 0.37 — 3.25 — 
10 
A 0.37 6.0 2.00 138.9 
B 0.37 — 2.00 — 
C 0.37 — — — 
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Table 99. Compressive Strength Results from S.T.A.T.E. Testing 
Mix Description Batch 
Compressive Strength (psi) 
3 day 7 day 14 day 28 day 
1 
FRAP #1, 35% FRAP, 
635# cementitious 
A 2276 3050 3488 — 
B 3519 3879 5531 5917 
C — 4252 6155 5779 
2 
FRAP #2, 35% FRAP, 
635# cementitious 
A 3183 3159 5224 — 
B 3467 4622 4937 6365 
C — 2654 2964 4026 
3 
FRAP #3, 35% FRAP, 
635# cementitious 
A 2241 3235 4326 5341 
B 2039 3636 4427 4606 
C 2566 3966 4675 — 
4 
FRAP #4, 35% FRAP, 
635# cementitious 
A 2388 3176 4211 4280 
B 2601 4398 5067 5317 
C 2533 3657 4656 — 
5 
FRAP #1, 45% FRAP, 
600# cementitious 
A 2693 3465 4463 4738 
B 2114 3339 3891 — 
C — 3659 4502 5229 
6 
FRAP #1, with RCA, 
35% FRAP, 635# 
cementitious 
A 2119 3496 4344 — 
B 1715 2810 3879 4550 
C — 2231 3052 3570 
7 
FRAP #1, 45% FRAP, 
575# cementitious, 
Lower Quality Coarse 
Aggregate 
A 2625 4094 4667 5156 
B 2787 3810 4234 — 
C 1577 2986 2841 3283 
8 
FRAP #1, with RCA, 
25% FRAP, 610# 
cementitious 
A 2819 3648 4602 5571 
B 1742 3270 3560 4695 
C 2710 3532 5157 — 
9 
FRAP #2, 35% FRAP, 
600# cementitious 
A 2268 3345 4014 4349 
B 1787 2486 2885 3459 
C 2725 3972 4598 5120 
10 
Control, 635# 
cementitious 
A 3757 5746 6837 7152 
B 4740 3812 5921 7024 
C — 6285 6286 7078 
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Table 100. Flexural Strength Results from S.T.A.T.E. Testing 
Mix Description Batch 
Flexural Strength (psi) 
3 day 7 day 14 day 28 day 
1 
FRAP #1, 35% FRAP, 
635# cementitious 
A — 560 610 — 
B — 690 — 825 
C — — 760 780 
2 
FRAP #2, 35% FRAP, 
635# cementitious 
A — 600 655 — 
B — 600 — 840 
C — — 590 650 
3 
FRAP #3, 35% FRAP, 
635# cementitious 
A 510 — 765 — 
B 495 — — 750 
C — — 845 775 
4 
FRAP #4, 35% FRAP, 
635# cementitious 
A 470 — 730 — 
B 550 — — 800 
C — — 850 880 
5 
FRAP #1, 45% FRAP, 
600# cementitious 
A 535 — 820 — 
B 535 — 735 — 
C — — — 800 
6 
FRAP #1, with RCA, 
35% FRAP, 635# 
cementitious 
A 440 — 740 — 
B 425 — 655 — 
C — — — 550 
7 
FRAP #1, 45% FRAP, 
575# cementitious, 
Lower Quality Coarse 
Aggregate 
A 575 — 785 — 
B 520 — — — 
C — — 540 — 
8 
FRAP #1, with RCA, 
25% FRAP, 610# 
cementitious 
A 460 — — — 
B — — 590 — 
C 475 — 725 — 
9 
FRAP #2, 35% FRAP, 
600# cementitious 
A 455 — 660 — 
B 360 — — — 
C — — 640 — 
10 
Control, 635# 
cementitious 
A — 665 760 — 
B — 610 — 890 
C — — 850 1000+ 
 
Based on the results, the following inferences and conclusions can be made: 
 Between the four FRAP types (Mixes 1 through 4), the final strength results are variable 
in relation to the asphalt content and amount of agglomerated particles, and there does 
not appear to be an observed effect of asphalt content and agglomerated particles on 
the strength.  
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 Reducing the overall cementitious content (comparing Mixes 1, 5, 7, and 9) does not 
have a significant effect on reducing the compressive strength, and the flexural strength 
appears unaffected.  
 Reducing the cementitious content (comparing Mixes 2 and 9) and using a FRAP with a 
higher asphalt content (FRAP #2) resulted in a reduction in the compressive strength, 
although there was more than a 2% difference in the measured air content of the mixes. 
The flexural strength was not affected by lowering the cement content for these two 
mixes. 
 Using RCA rather than virgin coarse aggregate (comparing Mixes 1 and 6 with different 
measured air contents) resulted in a reduction in compressive strength, although the 
difference in flexural strength was inconclusive. By using less FRAP and more RCA with 
slightly less cementitious content (comparing Mixes 1 and 8), there was little difference 
in the compressive and flexural strength when comparing batches with the same air 
content.  
 Replacing the virgin coarse aggregate with lower quality coarse aggregate (comparing 
Mixes 1 and 7) resulted in a slight reduction in compressive strength and no measurable 
difference in the flexural strength. 
 Comparing the various FRAP sources (Mixes 1 through 4) to the control mix (Mix 10) 
demonstrated again that the addition of FRAP to the concrete reduced the compressive 
and flexural strengths. However, all mixes at 35% FRAP replacement met the 
compressive and flexural strength requirements by IDOT, and the strength results of 
Mixes 5 through 9 indicate all of these mixtures could meet IDOT specifications. 
Therefore, up to 45% FRAP replacement could be utilized and still meet the IDOT 
strength requirements.  
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CHAPTER 6 CONCLUSIONS  
 
6.1 SUMMARY 
Four concrete mixtures were evaluated with different proportions of processed and 
field-washed fractionated reclaimed asphalt pavement (FRAP) replacing the virgin coarse 
aggregate at 0%, 20%, 35%, and 50%. The mix design contained 630 lb/yd3 of cementitious 
material, utilizing a ternary blend that consisted of 65% Type I Portland cement, 25% Grade 
100 ground granulated blast furnace slag, and 10% Class C fly ash. Aggregate property 
tests revealed that the FRAP had a lower specific gravity, higher absorption capacity, and  
lower unit weight relative to virgin coarse aggregate. The FRAP used in this study contained 
about 14% agglomerated particles and had an asphalt content of 2.1%. Each of the four 
mixtures was evaluated for fresh properties (slump, air content, and unit weight) as well as 
strength (compression, split tension, and flexure), modulus (elastic and dynamic), shrinkage 
(free and restrained ring shrinkage), durability (rapid chloride penetration, freeze/thaw 
durability, and alkali-silica reactivity), and fracture properties.  
A second FRAP source was evaluated for fresh and strength properties. This source 
was not processed or washed and was considered a “dirty” FRAP since it contained a 
higher asphalt content and portion of fine aggregate. This source was evaluated using the 
same mix design methodology and replacement levels and the original clean field-washed 
FRAP.  
 
6.2 CONCLUSIONS 
Evaluation of the fresh properties revealed that, in general, the slump increased, the 
unit weight decreased, and the air content remained relatively unaffected (although the air 
content appeared to be somewhat sensitive to FRAP) as the FRAP content increased in the 
concrete. Additionally, as the FRAP content increased, the strength (compression, split 
tension, and flexure) and modulus (elastic and dynamic) properties all decreased. 
Evaluating the strength based on the Illinois Department of Transportation (IDOT) 
requirement, up to 35% FRAP can meet the 3500 psi compressive strength requirement 
with the 50% FRAP falling just short of the requirement by 0.3%. The IDOT flexural strength 
requirement of 650 psi at 14 days by center-point (three-point) loading is likely to be met up 
to 50% coarse FRAP replacement based on the third-point (four-point) loading results. The 
free shrinkage appeared to be somewhat unaffected by the FRAP content. The restrained 
ring shrinkage with the ternary cementitious blend did not crack after 90 days, and the 50% 
FRAP ring experienced lower restrained shrinkage than the 0% FRAP control ring and also 
underwent greater stress relaxation at later ages. The rapid chloride penetration test 
demonstrated that for this FRAP source and replacement levels, the permeability of the 
concrete was ranked as very low to low. The test of freeze/thaw durability indicated that the 
inclusion of FRAP may reduce the durability relative to the control concrete, although 
acceptable durability with FRAP contents up to 50% was still retained after 300 cycles. The 
fracture energy tests indicated that adding FRAP to concrete did not alter the initial and total 
fracture energy relative to the control concrete, although the critical stress intensity factor 
was reduced. The test for alkali-silica reactivity revealed that the fine aggregate sand was 
mildly reactive, and the FRAP aggregates and virgin coarse aggregate were non-reactive.  
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A second FRAP source (i.e., “dirty” FRAP) was evaluated to determine the effects of 
processing the FRAP to remove fine particles (passing #4 sieve), and it was found that 
processing the FRAP did not provide an improvement in the strength properties of the 
concrete. However, this dirty FRAP was found to meet the IDOT compressive strength 
requirements up to 50% replacement. In addition, verification by an independent laboratory 
found that other dirty FRAP sources could also achieve the required strength levels at 35% 
replacement, and 45% FRAP could meet the requirement even with a lower cementitious 
content.  
 
6.3 RECOMMENDATIONS  
The results of this study indicate that up to 35% FRAP may replace virgin coarse 
aggregates while still meeting the required fresh, strength, and durability specifications of 
conventional concrete. With adjustments to the mixture design, concrete containing coarse 
FRAP at 50% replacement level can also be produced that meets existing durability and 
strength performance standards, as shown with the second “dirty” FRAP source and verified 
by testing at an independent laboratory. Based on the strength results, it is possible that the 
FRAP does not need to be washed (i.e., the FRAP can be dirty) in order to achieve the 
required workability and strength specifications.  
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